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Abstract

Water, energy, and carbon fluxes in dryland riparian ecosystems
by

Christopher Linscott Kibler

Riparian woodlands are hotspots of productivity and biodiversity on dryland land-
scapes, yet riparian tree species are also extremely vulnerable to catastrophic hydraulic
damage caused by hydroclimatic change. Root zone water subsidies from shallow ground-
water facilitate the high levels of productivity seen in riparian woodlands. Shallow
groundwater provides a persistent source of root zone soil moisture that is somewhat
decoupled from the local precipitation regime. As a result, riparian tree species are
able to avoid water stress and maximize productivity throughout the prolonged sum-
mer dry seasons that are common in the southwestern United States. Groundwater
declines caused by extreme drought conditions threaten the health and function of dry-
land riparian woodlands. If groundwater elevations drop below the root zones of riparian
tree species, it is likely that riparian woodlands will experience widespread stress and
mortality. However, the sensitivity of riparian tree species to changes in root zone wa-
ter availability remains poorly constrained. This dissertation combines remote sensing,
flux tower measurements, and ecological modeling to examine vegetation cover, evapo-
transpiration, and photosynthesis in riparian woodlands under changing environmental
conditions. It also identifies critical physiological thresholds that are needed to maintain
ecosystem structure and function under anthropogenic climate change.

In the first chapter, I combine remote sensing data with measurements from ground-
water monitoring wells to identify critical groundwater thresholds that are needed to

maintain the health and function of riparian woodlands. The analysis examines the
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Santa Clara River in southern California, which experienced widespread groundwater
declines during an extreme drought from 2012 to 2019. Spectral mixture analysis was
used to estimate the fractional cover of green vegetation and non-photosynthetic vegeta-
tion (i.e., dead and woody plant material) in six riparian woodlands. The groundwater
depth was characterized for each woodland using data from groundwater monitoring
wells. The analysis revealed that riparian woodlands experience substantial decreases in
green vegetation cover and substantial increases in dead/woody vegetation cover when
the depth to groundwater exceeds ca. 5 m. The analysis also revealed a coherent spatial
and temporal trend of riparian woodland mortality that proceeded downstream over six
years and mirrored trends in groundwater elevation over space and time. The findings
reveal that riparian woodlands depend on shallow groundwater access to maintain health
and function, and that they experience substantial stress and mortality when they lose
access to root zone water subsidies from shallow groundwater aquifers.

In the second chapter, I develop a novel theoretical model to predict leaf temperature
as a function of evapotranspiration. The model reveals that the difference between leaf
temperature and air temperature varies as a linear function of the evaporative fraction.
The model also reveals that leaf temperature converges to air temperature when the
evaporative fraction equals one. The model predictions were validated using flux tower
measurements from a riparian woodland and an upland savanna in southeastern Arizona.
The flux tower measurements reveal that evaporative cooling reduced leaf temperature
by ca. 1-5 °C in the middle of the growing season. Evaporative cooling also resulted
in a ca. 15% reduction in leaf respiration. The impact of evaporative cooling on leaf
carbon cycling represents a novel connection between plant water and carbon cycles via
leaf energy balance that has received little attention in literature.

In the third chapter, I develop a novel modeling framework to predict the vertical

profiles of radiation and wind speed within forest canopies based on known physical
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principles. The predictions are then used to estimate the vertical profiles of leaf temper-
ature and net photosynthesis for five flux tower sites spanning a large latitudinal gradient
in North and South America. The model predictions reveal that leaf temperature de-
creases exponentially downward through forest canopies, and that the difference between
top-of-canopy leaf temperature and bottom-of-canopy leaf temperature can exceed 7 °C.
Unexpectedly, in many forest biomes, the highest levels of net photosynthesis often occur
in the middle of the canopy. The analysis helps uncover the mechanistic basis for this
behavior. The analysis also identifies the combinations of environmental conditions that
result in critical leaf temperatures that cause irreversible damage to leaf photosynthetic
infrastructure. Two different data sets provide evidence of trait coordination between
leaf size and stomatal conductance to avoid critical leaf temperatures across global forest

biomes.

1X



Contents

Cirmical Viiad v
[Abstractl vii
Introductionl 1
(1 A brown wave of riparian woodland mortality following groundwater |
[ declines during the 2012-2019 California drought| 8
[LI TIntroductionl . . . . . . . . . . . . . 8
(.2 Methodsl . . . . . . . . 11
M3 Resulfsl. . . . . . o o 16
(1.4 _Discussionl . . . . . . . ... 24
[L5 Conclusionl. . . . . . . . . . 28
2 Evapotranspiration regulates leaf temperature and respiration in dry- |
| land vegetation| 29
RI Tntroduction] . . . . . . . . . . . .. 29
2.2 Methods . . . . . . . 32
P23 Resulfsl. . . . . . oo 45
R4 Discussionl . . . . . . ... e 58
5 Conclusionl. . . . . . . . 64
[3 Vertical profiles of leaf temperature and photosynthesis within forest |
66
BI Tntroduction] . . . . . . . . . . . .. 66
3.2 Methods . . . . . . . 69
B3 Resultsl. . . . . . . o 81
B4 Discussionl . . . . . . .. 92
B5 Conclusionl. . . . . . . . . 100
Conclusionl 102



[A° Supplementary Information for Chapter 1]

[A.1 Depth to groundwater| . . . . . ... .. ... ... ... ... ... ...

[A.2 Spectral mixture analysis model calibration| . . . . ... ... ... ...

[A.3 Statistical analysis| . . . . ... ... o oo

(B Supplementary Information for Chapter 2|

.1 Equation [2.6] derivation|

B.2 Comparison of kB~ * formulas| . . . . . . ... . ... ... ........

[B.3  Derivation of coefficients for Equation|2.21) . . . . . .. ... ... .. ..

B / O

(Bibliography|

X1

110
110
116
119
119

127
127
128
132
133

139



Introduction

Dryland riparian tree species pose an interesting paradox in plant function: they are ex-
tremely vulnerable to water stress and drought-induced mortality, and they often grow in
regions where there is no precipitation throughout the summer growing season, yet they
are also among the most productive plant communities in semi-arid and arid ecosystems
(Leffler et al., 2000; Lite and Stromberg), [2005; |[Dybala et al., 2019)). Access to ground-
water plays a critical role in maintaining the structure and function of dryland riparian
woodlands (Shafroth et al., 2000). Riparian corridors form in zones of hydrological con-
vergence where hillslope runoff accumulates in shallow groundwater aquifers that drive
streamflow (Jencso and McGlynn|, 2011). Groundwater aquifers then provide riparian
trees with a persistent source of root zone moisture that is somewhat decoupled from the
local precipitation regime (Sargeant and Singer} [2016|). Consistent groundwater access
enables riparian tree species to maintain relatively high levels of water and carbon uptake,
even under stressful climate conditions when upland plants are forced to downregulate
their physiological function (Singer et al., 2013|). As a result, riparian woodlands typi-
cally exhibit higher levels of leaf area index, vegetation cover, and canopy height than
comparable upland vegetation (Swetnam et all 2017; Dybala et al., [2019). For these
reasons, dryland riparian woodlands are biodiversity hotspots (Stromberg et al., |1996),
and riparian trees themselves create microclimates that enhance the biodiversity of other
plant and animal species (e.g., Kus|, [1998; Bateman and Merritt, |2020)).
1



Introduction

While many dryland plant species are well adapted to seasonal and inter-annual
drought conditions, dryland riparian tree species are especially vulnerable to hydrocli-
matic change (Pivovaroff et al., 2018). Riparian tree species experience catastrophic
xylem cavitation at relatively mild levels of water stress (i.e., xylem water potentials close
to zero), so they can experience whole-plant mortality if water subsidies from ground-
water are no longer available (Leffler et al., 2000). Riparian tree species have developed
several adaptations to cope with water stress. Over short time scales, they can close their
stomata to reduce transpirational water loss and relieve pressure gradients in the xylem
(Pivovaroff et al., [2018). Over longer time scales they can also reduce leaf area, shed
branches, and reduce canopy size, which have similar effects but incur substantial carbon
costs during post-drought recovery (Rood et all 2003)). If the functional and structural
responses to drought stress are inadequate to raise xylem water potentials above critical
values, or if photosynthetic assimilation cannot keep pace with the construction costs
of new tissue during post-drought recovery, trees are likely to experience whole-plant
mortality (Tai et al., [2018; Trugman et al., 2018)). Riparian woodlands are comprised of
co-occurring species that have similar functional traits, and groundwater declines often
occur across entire subbasins, so the mortality of riparian trees often does not occur in
isolation (Stromberg et al.,|1996]). Rather, entire woodlands are vulnerable to simultane-
ous mortality as soon as critical subsurface water subsidies are no longer available (Amlin
and Rood, [2003)).

Extreme drought conditions are becoming more prevalent in the southwestern United
States due to anthropogenic climate change, which will likely increase the frequency of
water stress in riparian woodlands (Diffenbaugh et al., 2015; [Williams et al., |2020)). Cli-
mate change-type droughts are characterized by higher air temperatures, which increases
the vapor pressure deficit and accelerates the flux of water from the land surface into

the atmosphere(Breshears et al. 2005; Williams et al., [2020). Shifts in the frequency
2
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and intensity of precipitation events can also affect ecosystem water availability, but the
impacts of climate change on precipitation regimes are less well constrained (Berg and
Hall, 2015; Diffenbaugh et al., [2015). Increased upland evapotranspiration depletes soil
moisture more quickly, which reduces hillslope runoff and ultimately reduces groundwa-
ter recharge (Meixner et al., 2016} |Warter et al., |2021). Dry upland conditions can cause
widespread depletion of groundwater aquifers, which causes the water table to decline
and reduces the subsurface water subsidy that is available to riparian trees (Tai et al.,
2018). Under extreme drought conditions, the root zones of riparian tree species can be-
come completely disconnected from the water table, which would likely cause widespread
tree mortality in riparian woodlands (Lite and Stromberg, 2005). Even at intermediate
levels of water stress, reduced root zone water availability can cause declines in evap-
otranspiration and photosynthesis that reduce ecosystem productivity (Cooper et al.
2003; |Pettit and Froend) 2018). Persistent drought conditions may also cause gradual
shifts in ecosystem structure and function, which could compromise the ability of riparian
woodlands to serve as productivity hotspots and foster plant and animal biodiversity on
dryland landscapes (Stromberg et al., |1996; |Stromberg and Merritt, [2016)).

Several attributes of dryland riparian woodlands have made them difficult to study.
First, the spatial extent of riparian woodlands is often limited to narrow strips of flood-
plain immediately adjacent to active river channels. Many riparian woodlands are only
tens of meters wide, which makes it difficult to isolate signals from riparian trees species
in observational data sets. For example, many spaceborne remote sensing platforms have
spatial resolutions of ca. 30 m in the visible-infrared wavelengths and ca. 100 m in
the thermal wavelengths. Native spatial resolutions can be even coarser when an image
is acquired off-nadir. As a result, many remote sensing images of riparian woodlands
contain mixed pixels that are affected by land cover from adjacent upland vegetation

and riparian alluvium. Likewise, eddy covariance sensors typically have fetches that are
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ca. 200 m wide (Chu et al., 2021)). This limits the utility of eddy covariance sensors
in riparian ecosystems, where the water and carbon flux signals would often be affected
by adjacent upland vegetation and evaporation directly off of the river channel (but see
Scott et al.|2004; Missik et al.|2021). Riparian woodlands are also difficult to study be-
cause the interaction between tree root systems and shallow groundwater aquifers plays a
critical role in regulating physiological function, yet subsurface root and water dynamics
are notoriously difficult to measure. Many studies have relied on opportunistic measure-
ments such as cut banks to estimate the rooting depths of riparian trees species (Rood
et al.l 2011; [Stromberg, |2013)), but riparian tree species exhibit a substantial amount
of intraspecific plasticity in rooting depth in response to local groundwater conditions
(Stella and Battles, |2010; |Williams et al., [2022). Similarly, shallow groundwater elevation
can exhibit a substantial amount of variability over very fine spatial and temporal scales.
Subsurface groundwater fluxes are affected by hillslope runoff, anthropogenic and nat-
ural groundwater abstraction, basin geomorphology, localized bedrock intrusions, river
regulation, and floodplain soil properties (Downs et al.l 2013; Singer et al, [2014)). The
interactions between these factors can result in dramatic changes in shallow groundwater
elevation over spatial scales as small as hundreds of meters (e.g., Amlin and Rood} [2003;
Cooper et al., [2003)).

Despite the functional importance of riparian woodlands and their well-established
dependence on shallow groundwater availability, the sensitivity of riparian tree species
to groundwater declines remains poorly constrained. Additional research is needed to
identify the critical groundwater thresholds that cause the mortality of riparian tree
species. Likewise, little is known about how the evapotranspiration and photosynthesis
of riparian tree species change under stressful but not lethal environmental conditions.
This dissertation will fill these research gaps. It will primarily examine two riparian

ecosystems in the southwestern United States, which have contrasting hydroclimatic

4



Introduction

regimes. The first study system is the Santa Clara River, which flows through Los
Angeles and Ventura counties in southern California. It is a large multi-use watershed
that supports agriculture, urban development, and remnant natural ecosystems. The
region receives most of its annual precipitation in the winter, when winter deciduous
riparian tree species are dormant. Shallow groundwater aquifers are thus critical for
facilitating root zone water availability during the dry summer growing season (Downs
et al., 2013; Beller et al., [2016). The second study system is the San Pedro River,
which has its headwaters in northern Mexico and primarily flows through southeastern
Arizona. The river’s water resources are also subject to anthropogenic influences, but a
large portion of the river’s ecosystems are protected from development by the San Pedro
River National Conservation Area (Lite and Stromberg, |2005). The region has two wet
seasons that provide water for riparian woodlands during both the dormant and growing
seasons. The first wet season occurs in December and January as a result of cyclonic
Pacific frontal storms. The second wet season occurs from July through September as
a result of the North American monsoon. The driest period of the year often occurs in
May and June before the onset of the monsoon (Higgins et al., [1997; |Arizpe et al., 2020]).
Nonetheless, groundwater still serves an important water source for riparian tree species
throughout the growing season (Scott et al., 2004; Mayes et al., [2020). I will also examine
data from several other ecosystems, including an upland savanna, a boreal aspen forest,
two temperature deciduous forests, and a tropical rainforest, in order to constrain the
mechanistic drivers of plant physiological function under varying climatic conditions.
The goals of the research presented in this dissertation are twofold. The first goal is
to quantify the sensitivity of vegetation cover, evapotranspiration, and photosynthesis in
dryland riparian woodlands to changes in root zone water availability. This is achieved
by synthesizing spaceborne, airborne, and tower-based remote sensing with in situ sensor

measurements of groundwater elevation, soil moisture, and ecosystem energy fluxes. The
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second goal is to develop generalizable theoretical models that connect ecosystem energy
fluxes with plant physiological function. Specifically, I analyze the relationship between
evapotranspiration and leaf temperature, which serves as a critical control on the rates
of leaf biochemical reactions, including photosynthesis and respiration. The models are
validated, where possible, with flux tower measurements, and they reveal a novel con-
nection between plant water and carbon cycles via leaf energy balance that has not been
extensively explored in literature.

The dissertation is organized as follows. In the first chapter, I quantify the sensitivity
of dryland riparian tree species to groundwater declines during extreme drought condi-
tions. The work aims to identify a critical threshold of groundwater depth below which
riparian tree species cannot survive. The analysis examines riparian woodlands in the
floodplain of the Santa Clara River, which experienced an extreme drought from 2012
to 2019 that caused pronounced groundwater declines. The analysis combines remote
sensing data about plant health with groundwater depth data from groundwater moni-
toring wells. Spectral mixture analysis was used to estimate the fractional cover of green
vegetation, dead/woody vegetation, and soil in six riparian woodlands. The land cover
fractions were then compared to spatially and temporally explicit estimates of groundwa-
ter depth in each woodland, which revealed the sensitivity of woodland vegetation cover
to groundwater declines.

In the second chapter, I examine how transpiration regulates leaf temperature and
respiration in dryland tree species. The first part of the analysis develops a novel theo-
retical model to predict leaf temperature as a function of leaf energy fluxes. The model
is then validated using measurements from two eddy covariance towers in Arizona, USA,
which measure stands of Prosopis velutina growing in a riparian woodland and an upland
savanna. The leaf temperature model is then used to estimate changes in leaf respiration

that are attributable to evapotranspiration variability.
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In the third chapter, I develop a novel model to predict the vertical profiles of leaf
temperature and net photosynthesis within forest canopies. The vertical profiles of ra-
diation and wind speed are modeled as a function of cumulative leaf area index based
on known physical principles. The radiation and wind speed data are then used to force
the leaf temperature model developed in the second chapter and a mechanistic model of
net photosynthesis. The model predictions reveal the estimated vertical profiles of leaf
temperature and net photosynthesis based on top-of-canopy measurements. The novel
modeling framework is used to analyze data from five flux towers spanning global forest
biomes, including a dryland riparian woodland, a boreal aspen forest, two temperature
deciduous forests, and a tropical rainforest. The model predictions are also compared to
published data sets of leaf size and leaf temperature to assess the feasibility of the model
predictions.

Collectively, the three chapters provide new insights into the mechanistic basis for
changes in plant physiological function in riparian woodlands, especially in response to
shifting root zone water availability. Many of the insights and models are also general-
izable to other forest biomes, and they can be used to improve predictions of water and

carbon cycling in terrestrial ecosystems under anthropogenic climate change.



Chapter 1

A brown wave of riparian woodland

mortality following groundwater
declines during the 2012-2019

California drought

1.1 Introduction

Riparian trees often rely on shallow groundwater to meet their water needs, so water
table declines during increasingly frequent and severe drought conditions threaten the
health and function of riparian woodlands (Diffenbaugh et al., [2015; Meixner et al.
2016; |[Rohde et al., [2017; Williams et al., 2020). Though many studies have examined
the sensitivity of individual species to drought and local groundwater availability (e.g.,
Stromberg et al., 1996} Singer et al.| 2014; Sargeant and Singer}, 2016} Pettit and Froend,
2018; [Skiadaresis et al. 2021)), few studies have considered the landscape-scale responses

of riparian woodlands to drought across space and time, and even fewer in relation to
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direct groundwater measurements (but see Rohde et al., | 2017). These knowledge gaps are

relevant to dryland watersheds around the globe, where convergent pressures on water

resources from agriculture, urban development, and climate change are increasing (Taylor

et al., 2013; Rohde et al., [2017; Rateb et al., 2020)).

Riparian woodlands are ecologically important plant communities that provide habi-

tat for sensitive animal species (Kus| 1998; Merritt and Bateman, 2012; Bateman and

Merritt], |2020), promote plant biodiversity (Stromberg et al., [1996; |Stromberg and Mer-|
, 2016), and contain a disproportionately large amount of the biomass in dryland

watersheds (Swetnam et all 2017; [Matzek et al., 2018; Dybala et al., [2019). They form

in convergent topographic zones, which serve as hydrologic refugia and are somewhat

buffered from normal climatic variability (Brooks et al.,|2015; Hoylman et al., 2019). Ri-

parian tree species are typically phreatophytes, which have taproot systems that extend

up to 5 m down to the capillary fringe above perennial water tables (Stromberg, 2013}

Rohde et al [2017). Phreatophytes are extremely sensitive to water availability at all

life stages (Mahoney and Rood, [1998; [Stella et al. [2010; Singer et al., [2013)). If their

root systems lose contact with the alluvial water table, phreatophytes commonly exhibit

stomatal closure, leaf abscission, branch dieback, and xylem cavitation (Scott et al., |1999;

Leffler et al 2000; Rood et al., 2000). Prolonged water table declines, for example dur-

ing extreme drought conditions, can lead to whole-plant mortality if a tree’s hydraulic

system cannot maintain a favorable water balance as groundwater supply declines (Scott

et al., [1999; Cooper et al., 2003)).

From 2012 to 2019, California experienced the most severe drought in its paleoclimate

record (Robeson, |[2015). Meteorological drought conditions first emerged in northern Cal-

ifornia around January 2012 and then spread southward (U.S. Drought Monitor, 2021)).

The meteorological drought propagated into hydrological (Van Loon, 2015)) and ecolog-

ical (Kovach et al., [2019; [Munson et al., [2020) droughts in dryland regions throughout
9
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southern California (Okin et al.; 2018} |Dong et all [2019; Warter et al. [2021). Record
low precipitation and record high temperatures (Diffenbaugh et al., 2015) substantially
reduced soil moisture (Warter et al., 2021)), streamflow (Konrad et al. [2021]), ground-
water storage (Thomas et al., [2017)), and upland canopy water content (Asner et al.|
2016)) throughout the region. While the drought is known to have generated mass die-off
of upland trees (e.g., |Goulden and Bales| [2019), there is a notable lack of quantitative
assessments of drought-induced mortality of lowland riparian phreatophytes, particu-
larly within dryland regions. Documenting large-scale ecological die-offs, particularly in
ecosystems that are buffered from climate impacts by their hydrogeomorphic setting,
is important for identifying global signals of forests being pushed past their tolerance
for environmental change (Allen et al., 2010; |Anderegg et al. 2013; |Allen et al., [2015;
McDowell et al., 2016).

Remote sensing is a powerful tool for analyzing the sensitivity of vegetation health to
changes in the water availability, but few remote sensing studies have quantified the sen-
sitivity of groundwater-dependent ecosystems to water table declines (e.g., Barron et al.)
2014; [Huntington et al., |2016). In this study, we combined time series remote sensing
imagery with data from groundwater monitoring wells to investigate the fate and trajec-
tory of riparian woodlands in southern California during the unprecedented 2012-2019
California drought. We used spectral mixture analysis to discriminate between healthy
and dead vegetation cover in remote sensing imagery. We then analyzed the relation-
ship between vegetation cover and depth to groundwater (DTG) in a range of woodland
stands that represent a gradient of groundwater availability. These data enabled us to
characterize the trajectory and the spatial progression of drought impacts across an eco-
logically and economically important river corridor, and to monitor the initial drought

recovery in the riparian woodlands.
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1.2 Methods

1.2.1 Study area

The Santa Clara River flows 132 km from the Mojave Desert to the Pacific Ocean
and has a catchment covering 4,200 km? in Ventura and Los Angeles Counties, California
(Beller et all [2016). Mean annual precipitation ranges from 200-800 mm, with the
wettest regions at high elevations (catchment relief 2,700 m) and near the coast (Downs
et al., 2013). The basin has a Mediterranean climate with cool, wet winters and warm,
dry summers, and many reaches of the Santa Clara River are ephemeral (i.e., flowing
only part of most years). Winter rainfall produces flashy flows, and more than half of
the annual discharge occurs during a small number of precipitation events (Downs et al.
2013; Beller et al., 2016). The river corridor has been subject to extensive urban and
agricultural development over the last century, but the main stem of the river has not
been severely controlled by engineering structures, making it the largest river in southern
California that is mostly free flowing (Downs et al., [2013; Beller et al., 2016).

The native riparian woodlands along the Santa Clara River are discontinuous, existing
at locations where groundwater is close to the surface under normal conditions (Beller
et all |2016). The riparian woodlands are dominated by phreatophytic tree and shrub
species, including Populus fremontii, P. trichocarpa, Salix laevigata, S. lasiolepis, and S.
exigua. The roots for these species are typically concentrated in the top 2 m of the soil
profile (Table 1; TNC, 2021), although phreatophytes exhibit a considerable degree of
plasticity in rooting depth in response to local groundwater conditions (Shafroth et al.

2000; Rood et al., |2011)).
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Table 1.1: Rooting depths for tree and shrub species that are prevalent in riparian
woodlands in the Santa Clara River floodplain.

Species Rooting Depth (m) Source
Populus fremontii 1.4 (max) Shafroth et al.| (2000)*
Populus fremontii 2.1+ (max) Zimmerman (1969)
Populus fremontii 0.8 (max) Rood et al.| (2011))
Populus trichocarpa  0.65 (max) Rood et al.| (2011))
Saliz laevigata 1+ (max) Stover et al.| (2018))
Salix exigua 0.51 (min) (USDA] 2021])
Baccharis salicifolia 0.3 (min) (USDA| 2021))
Baccharis salicifolia 0.6 (max) Gary| (1963)), Stromberg| (2013)

& Study that measured three-year-old saplings

1.2.2 Study sites

We identified six stands of Populus-Saliz riparian woodlands in the lower Santa Clara
River floodplain that are thought to be supported by perennial shallow aquifers (Figure
; Beller et al., 2016). The woodlands range in area from 7-120 ha, and they represent
the most substantial woodlands that were present before the 2012-2019 drought (Beller
et al., 2016). The study sites are distinguished by transitions in hydrology or river
management that facilitate shallow groundwater depths. Site boundaries were manually
digitized in GIS software using 2012 aerial imagery acquired by the National Agricultural
Imagery Program (USDA| [2012)).

1.2.3 Depth to groundwater

We calculated DTG at each of the study sites using measurements from nearby wells
acquired from the California Department of Water Resources, United Water Conserva-
tion District, and the County of Ventura. We also used unpublished data from shallow
monitoring wells that were installed by members of our team at two of the study sites (Ta-
bles S1-S2; Figures S1-S4). The shallow wells are 3 m deep and were installed between

2015 and 2020. They are manually measured twice per month. We used two different
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Figure 1.1: Location of the study sites in the floodplain of the Santa Clara River,
California, USA. The river flows from east to west.
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protocols to calculate DTG at the study sites, depending on the well data availability for
each site (see Appendix [A)).

1.2.4 Remote sensing data acquisition and processing

Spectral mixture analysis (SMA) was used to map the fractional cover of green vege-
tation (GV), non-photosynthetic vegetation (NPV; i.e., dead and woody plant material),
and soil in the Santa Clara River floodplain (Smith et al., [1990; Roberts et al., 1998]).
The SMA model was calibrated using data from the Airborne Visible/Infrared Imaging
Spectrometer (Green et al) [1998) and in situ spectra (see Appendix [A]). We analyzed
Landsat images (spatial resolution of 30 m) acquired every June between 2011 and 2018.
The June 2011 image provides a pre-drought baseline (U.S. Drought Monitor} 2021)). The
June 2012-2018 images capture all of the growing seasons during the drought. Data from
2012 were omitted because of the scan line corrector failure on Landsat 7 (Markham
et al., 2004). The SMA model generated estimates of the fractional cover of GV, NPV,
and soil within each pixel for each image. While the SMA method did not classify species
cover, qualitative observations of species cover were made during field visits to the sites
between 2017 and 2021, and by manually examining high resolution aerial imagery cap-

tured before, during, and after the drought.

1.2.5 Analysis of drought effects on vegetation

The fractional cover data and the groundwater data were used to conduct two anal-
yses. First, the GV and NPV fractions were used to examine the spatial and temporal
trends of woodland mortality along the river corridor. Mortality was indicated by a de-
crease in GV fractions and an increase in NPV fractions (Huang et al., 2019). Significant

differences in land cover fractions for each study site across time were identified using a
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Kruskal-Wallis test and a post-hoc Dunn’s test with a Holm adjustment (o = 0.05).

Second, we quantified the sensitivity of GV and NPV fractions to DTG. The median
GV and NPV fractions were calculated for each study site and each year. We used the
DTG measurements that were closest in time to the Landsat image acquisition dates.
The difference between the well measurement dates and the image acquisition dates
ranged from 0 days to 36 days with a median of 13 days. The sensitivity analyses were
divided into two distinct time spans. The first time span was limited to data from 2011
to 2016, representing the period when the drought became progressively more severe,
as evidenced by increasing DTG, below-average soil moisture (Warter et al., [2021)), and
decreasing SPEI. The 2011-2016 observations were pooled across sites and years, and
mixed effect logistic-binomial regression (Gelman and Hill, |2007) was used to determine
if DTG is a significant predictor of GV and NPV fractions. Site was included as a
random effect in the models to account for local influences on the vegetation unrelated
to groundwater (see Appendix [Al).

The second time span was limited to data from 2017 and 2018, which represents a
period of early drought recovery in the riparian woodlands. Substantial rainfall in the
winter of 2016-2017 reduced DTG and increased soil moisture in the region (Warter et al.,
2021). As a result, the ecological drought began to subside, even though meteorological
drought conditions persisted until 2019. The sensitivity of an ecological response to an
environmental driver often differs based on the direction of the change. Differing sensi-
tivities during decline and recovery phases can result in hysteresis in ecological systems
(Beisner et al., 2003; |/Andersen et al| |2009). The 2017-2018 data were used to determine
if there were differences in the sensitivity to DTG during the early stages of drought
recovery as compared to the drought onset years of 2011-2016. The observed land cover
fractions from 2017 and 2018 were compared to the values predicted by the regression

model that was calibrated using data from 2011-2016. This indicated whether sensitivity
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Figure 1.2: Mean monthly precipitation (black bars) and 12-month Standardized Pre-
cipitation Evaporation Index (SPEI; red line) in the Santa Clara River watershed
(Abatzogloul, 2013; Huntington et al., 2017). The red shading indicates periods of
drought according to the |U.S. Drought Monitor (2021). The date labels indicate
January 1 of each year.

to DTG differed during the two phases. Mean absolute error (MAE) was used to quantify

the difference between the observed and predicted values during the two phases.

1.3 Results

1.3.1 Drought timeline

The Santa Clara River watershed experienced moderate drought conditions through-
out much of 2012 and consistently experienced severe drought conditions starting in
June 2013 (Figure ; U.S. Drought Monitor, 2021). Rainfall in the winter of 2016-
2017 provided some drought relief, but severe drought conditions returned in 2018 (U.S.
Drought Monitor, [2021)). Persistent rainfall from a series of atmospheric rivers (Sumargo
et al., 2021)) ended the drought in the winter of 2018-2019. Standardized Precipitation
Evaporation Index (Vicente-Serrano et al., 2010) values generally remained positive after
February 2019, and the U.S. Drought Monitor, a composite drought index, also indicated

that the drought ended in February 2019.
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1.3.2 Groundwater level changes during and after drought

In 2011, maximum DTG at the six study sites ranged from 1.1 to 4.4 m. The DTG
increased (i.e., the water table declined) at all six study sites between 2011 and 2016,
but there was substantial spatial and temporal variability in DTG along the river cor-
ridor (Figure [[.3} Table S3). The changes in DTG were mediated by the interaction
between climatic forcings and basin geomorphology. The Fillmore Ciénega site sits at
the boundary of the Piru and Filmore groundwater subbasins (Figure , where the
deposits of permeable alluvium become substantially narrower and shallower and force
groundwater to the surface (Mann, 1958; Reichard et al., [1999). Surface flow between
the Piru and Fillmore subbasins decreased between 2011 and 2013 and stopped between
2014 and 2016 (United Water Conservation District, 2017). As a result, shallow lateral
recharge of the Fillmore subbasin was likely reduced or eliminated during the peak of
the drought. Maximum DTG at Fillmore Ciénega and Sespe Confluence increased by
11.9 m and 12.7 m, respectively, between 2011 and 2016 as groundwater in the Fillmore
subbasin was depleted. At the downstream end of the Fillmore subbasin, groundwater
elevations were more stable. The East Grove site sits at the boundary of the Fillmore
and Santa Paula subbasins, where constrictions in the deposits of unconsolidated allu-
vium again force groundwater to the surface (Reichard et al. |1999). Maximum DTG
at the East Grove site only increased by 0.9 m between 2011 and 2016. Surface flow at
the boundary between the Fillmore and Santa Paula subbasins did not approach zero
until 2016 (UWCD, 2017). The Hanson, Freeman Upstream, and Freeman Downstream
sites are located in the Santa Paula subbasin, where the shallow aquifer sits on top of
impermeable deposits that prevent groundwater from percolating into deeper aquifers
(Reichard et al., |1999; [Hanson et al., [2003). Groundwater elevations in the Santa Paula

subbasin remained relatively stable throughout the drought. At Hanson, Freeman Up-
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stream, and Freeman Downstream, maximum DTG increased by 3.5 m, 3.0 m, and 5.0
m (respectively) between 2011 and 2016. In 2016, maximum DTG at the six sites ranged
from 2.0 to 17.1 m. Substantial rainfall in the winter of 2016-2017 reversed groundwater
trends and caused DTG to decrease (i.e., the water table rose) at all study sites, but

some sites did not approach pre-drought DTG until 2019.

1.3.3 Vegetation cover change during drought

Several riparian woodlands exhibited large decreases in GV cover and large increases
in NPV cover from 2011 to 2016, indicating widespread drought-induced mortality (Fig-
ure Tables S4-S6). Fillmore Ciénega and Sespe Confluence exhibited the largest
decreases in GV fractions and the largest increases in NPV fractions. Sites farther down-
stream were less affected by the drought and experienced smaller changes in land cover.

There was a distinct spatial pattern and temporal trend of woodland mortality
that occurred both within and across study sites in the Fillmore subbasin (Figure [L.F).
Widespread mortality first occurred in 2013 at the most upstream study site, Fillmore
Ciénega (Figure S5). A wave of mortality then traveled 13 km west (downstream) across
the Fillmore subbasin between 2013 and 2016. The wave of mortality can be seen within
and across individual study sites, and it is especially distinct within the Fillmore Ciénega
site. By 2015, the wave of mortality reached the area immediately upstream of the East
Grove site (Figure S6). By 2016, all three areas had experienced widespread mortality,
and the Fillmore Ciénega and Sespe Confluence sites experienced near-complete mor-
tality of their riparian woodlands. Sites in the downstream Santa Paula subbasin were
relatively stable throughout the drought, and no distinct spatial pattern of woodland

mortality in the Santa Paula subbasin was observed (Figure S7).
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Figure 1.3: Mean DTG from 2011 to 2020 for each study site.

represent the interquartile range of DTG for sites where DTG was measured by a

single shallow well (see Appendix . The dashed vertical lines indicate the remote

sensing image acquisition dates. The date labels indicate January 1 of each year.
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Figure 1.4: Box plots of green vegetation (GV) fractions and non-photosynthetic
vegetation (NPV) fractions for each study site from 2011 to 2018. Note that 2012
data are omitted (see text).

1.3.4 Groundwater declines and plant health

DTG was significant predictor of the GV and NPV fractions for 2011-2016 (Table
2). There was a significant negative relationship between DTG and the GV fractions
(p <0.001; Figure ), indicating that green vegetation decreased as the water table
declined. There was also a significant positive relationship between DTG and the NPV
fractions (p <0.001; Figure |1.6p), indicating that dead and woody plant cover increased
as the water table declined. Taken together, these remote sensing metrics indicate leaf

shedding, increased litter, exposed branches, and, in some cases, complete mortality as

the drought progressed (Adams et al., |1995).

1.3.5 Site-based differences in early drought recovery

We also compared the 2017-2018 GV fractions to the values that were predicted by the
regression model, which was calibrated using data from 2011-2016. This revealed whether

the sensitivity to DTG differed during the decline and recovery phases. The 2017-2018
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Figure 1.5: Remote sensing model outputs of floodplain land cover in the Fillmore
subbasin from 2011 to 2016. The study sites are outlined in white, and the white
arrows indicate areas experiencing notable dieback in particular years. The river
flows from right to left. A comparable figure for the Hanson, Freeman Upstream, and
Freeman Downstream sites is included in Appendix [A| (Figure S7).
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Table 1.2: Mixed effect logistic-binomial regression results for models assessing the
relationship between DTG and GV fractions and between DTG and NPV fractions
from 2011 to 2016. Site was included as a random effect in the models. The values in
parentheses indicate the standard errors of the regression coefficients.

GV NPV
FIXED EFFECTS
Intercept 1.02 kx99 *H*
(0.16)  (0.28)
DTG -0.24 **k (.33 Fk*

(0.01)  (0.01)

RANDOM EFFECTS
Std. Dev  Std. Dev

Site (Intercept) 0.38 0.68
MODEL
N 30 30
N (site) 6 6
Pseudo-R? (fixed) 0.16 0.24
Pseudo-R? (total) 0.19 0.33

FFE ) <0.001

22



Chapter 1

GV Fraction

0.6 1

0.44

0.2 1

0.0 1

o e
Yoo
. \O’.
AD\\A
=
(=N
] . ©
\
n N
N
~
i\ [ ]
n [ S o
0 5 10 15

Depth to Groundwater (m)
1.00

> o0 enm

Study Site

Fillmore Cienega
Sespe Confluence
East Grove
Hanson

Freeman Upstream

Freeman Downstream

NPV Fraction

0.6 1

0.44

0.2 1

0.0 1

0.50 4

0.254

Land Cover Fraction

0.00

C

5 10 15

Depth to Groundwater (m)

’
", o, °
o, ’
o 7
.
o .
O /74 a
g oi ©
/ A
v
A ¢
/
7
7
=OOA @
5 10 15

Depth to Groundwater (m)

20

Figure 1.6: Scatterplots of mean DTG and median GV fractions (a) or median NPV
fractions (b) from 2011 to 2016. The lines represent the modeled fixed effect of DTG
on GV fractions (a,c) and NPV fractions (b,c).
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GV fractions for Fillmore Ciénega deviated substantially from the values predicted by
the model (decline MAE = 0.08; recovery MAE = 0.28). Fillmore Ciénega demonstrated
a clear hysteresis signal, whereby groundwater rose by over 7 m (i.e., a reduced DTG),
but there was only a modest increase in GV fractions (Figure . The lack of response
to rising groundwater can be explained by dead vegetation covering the site. The DTG
at Sespe Confluence remained relatively deep in 2017 and 2018, and the GV fractions
did not deviate substantially from the values predicted by the model (decline MAE =
0.05; recovery MAE = 0.02). The modest increase in GV fractions is likely due to the
invasion of Arundo donax after the widespread mortality of native phreatophytes, which
is a common consequence of drought conditions affecting native plants (e.g., Merritt and
Poff, 2010). Field observations indicate that A. donax now dominates the site (Figure
S8). The other sites, where the native woodlands remained largely intact (e.g., Figure
S9), exhibited consistent sensitivity to DTG during the decline (MAE = 0.02-0.07) and
recovery (MAE = 0.03-0.09) phases.

1.4 Discussion

During the 2012-2019 California drought, riparian woodland mortality in the Santa
Clara River floodplain followed a coherent spatial pattern and temporal trend that oc-
curred across the river corridor and mirrored the apparent trend in DTG. Mortality first
occurred at the upstream side of the Fillmore Ciénega site as flow between the Piru and
Fillmore subbasins decreased around 2013. A distinct “brown wave” of mortality then
traveled west (i.e., upstream to downstream) between 2013 and 2016 as groundwater in
the Fillmore subbasin was progressively depleted. The brown wave stopped just upstream
of the East Grove site, where groundwater elevations were relatively stable and surface

flow was maintained throughout most of the drought (United Water Conservation Dis-
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Figure 1.7: Scatterplot of DTG and median GV fractions from 2011 to 2018. The line
segments connect observations from consecutive years. The observations from 2011
are generally in the upper left and the observations from 2018 are generally in the
lower right. Observations from 2012 are omitted (see text). The dashed line represents
the modeled fixed effect of DTG on GV fractions for data from 2011-2016.
2017). The brown wave reveals that riparian phreatophytes are extremely sensitive
to DTG over both space and time, and that localized DTG trends play an important

role in determining the fate of riparian woodlands during extreme drought conditions.

Few studies have quantified the sensitivity of groundwater-dependent ecosystems to DTG

(e.g., Lite and Stromberg}, |2005)), and only recently has it become possible to conduct spa-

tially and temporally extensive analyses at a corridor scale (e.g., Huntington et al., 2016)).

Such analyses were historically limited by the available remote sensing data, which were

too expensive (e.g., Zhu et al., [2019) or too coarse to resolve narrow stands of riparian

woodlands (Dufour et al |2012). Likewise, groundwater records have only recently been

aggregated and made available in comprehensive data sets.
Groundwater serves as a crucial link in the chain of drought propagation from meteo-
rological drying to plant responses by riparian phreatophytes. The 2012-2019 California

drought was caused by record low precipitation and record high temperatures, which re-
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duced water inputs to ecosystems and increased evaporative demand (Diffenbaugh et al.|
2015; Warter et al., 2021). The drought generally reduced groundwater recharge (Harlow,
and Hagedorn, 2018)) and caused groundwater elevations to decline, but subsurface water
fluxes are spatially variable and are mediated by several factors including agricultural
water use and runoff, river regulation, soil texture, and bedrock geology. During drought
conditions, the hydrological drivers of groundwater elevation interact with meteorological
trends to produce distinct spatial patterns and temporal trends of groundwater change
(Jencso and McGlynn) 2011; Harlow and Hagedorn, 2018).

The spatiotemporal variability in groundwater elevation caused varying physiological
responses in the riparian woodlands in the Santa Clara River floodplain. When wa-
ter tables decline by several meters, the root systems of riparian trees can lose access to
groundwater (Stromberg, [2013)). Riparian tree species are poorly adapted to drought and
can experience catastrophic xylem cavitation at relatively high (i.e., close to zero) vapor
pressure deficits (Fichot et all 2015). To mitigate and prevent this often-irreversible
change, trees undergo a series of physiological changes to maintain a favorable water bal-
ance in the face of declining water supply (Rood et al.; [2003)). Within minutes, they can
regulate stomatal conductance to limit transpirational water loss (Horton et al., 2001}
Amlin and Rood} 2003} Pivovaroft et all 2018|). Leaf abscission and branch dieback,
though detrimental to woody plants in the short term, can serve as long-term survival
strategies that help trees reduce water demand and prevent the loss of xylem water con-
ductance (Scott et al., [1999; Rood et al., 2000; |Cooper et al., 2003|). These physiological
responses may not be adequate to mitigate water stress from large and sudden water ta-
ble declines, which often cause hydraulic failure and whole-plant mortality (Scott et al.,
1999; |Lite and Stromberg, 2005; [Tai et al., [2018).

The brown wave is likely an emergent property of individual plants responding to

localized changes in DTG, as evidenced by the fine-scale changes in plant health and the
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strong statistical relationships between the land cover fractions and DTG. Few studies
have examined the spatial evolution of riparian woodland responses to water table de-
clines (but see Stromberg et al.| |1996; Scott et al. 1999, 2000; Tai et al., [2018). The
current understanding of phreatophyte sensitivity to DTG is largely derived from field
measurements (e.g., Horton et al., |2001; Rood et al. [2011)), laboratory experiments (e.g.,
Leffler et al., [2000; Stella and Battles, 2010)), and models based on phreatophyte physiol-
ogy (e.g., Tai et al| [2018]). These data have resulted in a conceptual model that suggests
that there is a highly non-linear relationship between DTG and plant health, whereby
plant health degrades rapidly when DTG increases beyond some critical threshold (e.g.,
Shafroth et al., 2000; Horton et al.| 2001; Lite and Stromberg, 2005)). In contrast with pre-
vious studies, our observations indicate that there is a mostly linear relationship between
DTG and plant health at a stand scale when DTG is less than 10 m (i.e., Figure [L.6f).
The difference in the shape of the observed relationships may indicate a scale dependence
of the analysis. While many field and laboratory-based studies examine individual plants
belonging to selected species, remote sensing data detects many plants belonging to many
species within a pixel (Kibler et al., |2019). The observed plants that compose riparian
woodlands likely have varying structures, life histories, and tolerances for groundwater
decline (Stromberg et al., 1996; Stromberg and Merritt}, 2016). Nonetheless, the observed
sensitivity to absolute DTG and DTG change (Table S3) were generally consistent with
previously reported values. At Fillmore Ciénega and Sespe Confluence, vegetation cover
stopped changing as a function of DTG between 2015 and 2016, which may indicate a
fundamental limit beyond which phreatophytes experience complete mortality and the
health of the surviving non-phreatophytic vegetation becomes decoupled from DTG. The
recovery of phreatophytes at these sites depends on the water table returning to shallow

depths and seed sources for the germination of new seedlings (Stella et al., |2006).
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1.5 Conclusion

The statistical analyses presented here provide some of the first robust estimates of
the sensitivity of riparian woodlands to DTG. Our findings also reveal that DTG trends
can be highly variable during extreme drought conditions, even within the same river cor-
ridor, which can result in distinct spatial patterns and temporal trends of plant mortality
in riparian woodlands. Quantifying the sensitivity of riparian ecosystems to groundwater
change will become increasingly important as anthropogenic climate change increases the
frequency and severity of drought conditions across the western United States (Diffen-
baugh et al. 2015; Rohde et all 2017; Williams et al., 2020)). The widespread mortality
observed during the brown wave mirrors the dynamics of mass die-offs that have occurred
in upland forest ecosystems (e.g., |Allen et al. 2010; Goulden and Bales, 2019). Anthro-
pogenic climate change, shifts in water availability, and other environmental forcings are
overwhelming the resiliency of ecosystems that are typically buffered from climatic vari-
ability (Allen et al.| 2015). Quantifying the sensitivity of both upland and lowland forests
to hydroclimatic change will improve our ability to predict critical shifts in ecosystem

structure and function in the coming decades.
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Evapotranspiration regulates leaf
temperature and respiration in

dryland vegetation

2.1 Introduction

Leaves serve as a critical nexus between water, energy, and carbon fluxes in terrestrial
ecosystems, and leaf temperature (77,) plays an important role in regulating the rates of
mass and energy fluxes at the leaf surface (Still et al., 2021} [Vinod et al., [2023)). T}, directly
influences several physical processes that drive mass and energy exchange, including leaf-
to-air vapor pressure deficit (VPD; (Grossiord et al. 2020), thermal conductance and
emittance (Jones, 2014), net photosynthetic assimilation (Medlyn et al., |2002)), and leaf
respiration (Rp; Heskel et al., 2016|). High values of 77, can also cause thermal stress
and damage to leaf biochemical systems, which may permanently inhibit leaf physiologic
function (O’Sullivan et al. 2017). 77 is thus a critical variable that regulates several

aspects of terrestrial ecosystem function, and it is important to constrain the drivers of
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T, to better predict the sensitivity of terrestrial ecosystems to anthropogenic climate
change.

Generally speaking, T} is regulated by environmental conditions and energy fluxes
at the leaf surface. Empirical observations have demonstrated that T} is often close
to air temperature (7,), but the mechanistic relationship between 77, and T, remains
poorly constrained. Some studies have argued that leaves exhibit limited homeothermy,
whereby the slope of the relationship between T, and T}, is less than 1 (Michaletz et al.,
2015| 2016; |Blonder and Michaletz, 2018; |Cook et al., |2021). Other studies have argued
that leaves exhibit megathermy, whereby the slope of the relationship between 77, and
T, is greater than 1 (Salisbury and Spomer} [1964; |Pau et al., 2018; Still et al. |2019b,
2022). Observations where T, = T, (i.e., poikilothermy) have also been reported (Drake
et al., [2020; [Miller et al., 2021; |Uni et al., 2022). The terminology for leaf thermal
regimes follows the convention described by |Cavaleri (2020). In practice, T}, observations
are often normalized by T, (i.e., T, — T,) to control for environmental variability and
analyze other drivers of T7.

Surface energy flux partitioning between latent (AE) and sensible (H) heat flux also
plays an important role in regulating 77. Surface energy balance must be preserved
at the leaf scale, so leaf-level AE consumes energy that would otherwise increase T7,.
Surface energy flux partitioning can be quantified using the evaporative fraction (fg),

which measures the proportion of available energy (@Q,) that is consumed by AE:

AE

5=

(2.1)

Thus, there is a direct physical relationship between fr and T}, which results in evapo-
rative cooling of the leaf surface.

Evaporative cooling has important functional implications for plant carbon cycling
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and leaf physiologic function, particularly in hot and dry ecosystems (Hultine et al.
2020; Uni et al., 2022). Photosynthetic assimilation of carbon is highly dependent on T},
at the leaf scale (Medlyn et al.| [2002). Maintaining lower 77, also reduces R; (Heskel
et al., 2016; [Mathias and Trugman, [2022) and can prevent thermal damage to leaves
(O’Sullivan et al., 2017). Indeed, several recent studies have speculated that plants
may decouple photosynthesis and transpiration during extreme heat waves to maintain
high levels of AE, which keeps T, below critical thresholds that would result in damage
to the leaf tissue (Drake et al., 2018; Krich et al., [2022; ¢f. De Kauwe et al., [2019).
Likewise, water availability for evaporative cooling may limit the distributions of some
plant species in dryland ecosystems when they cannot maintain physiologic function at
ambient temperatures (Hultine et al.; 2020)). Improving mechanistic models of T}, will
enhance our understanding of the feedbacks between water, energy, and carbon fluxes
at the leaf surface and improve our ability to predict shifts in ecosystem function under
anthropogenic climate change. It will also improve our ability to map ecosystem water
fluxes at broad spatial scales using thermal remote sensing data (Mallick et al., |2022)).

Many models predict Ty, or T, — T, by combining energy balance theory with the
Penman-Monteith equation (e.g., Monteith and Unsworth, 2013)). However, implement-
ing these models requires empirical assumptions about stomatal conductance, which is
difficult to constrain. Here, we present an alternate modeling framework that predicts 77,
as a linearized function of fr. Our mechanistic model requires fewer surface parameters
than previous formulations, which improves our ability to isolate and examine the envi-
ronmental variables that drive T7,. The simplified model also yields fundamental insights
into the relationship between T}, and T, under varying environmental conditions, and the
resulting impacts on plant physiologic function.

The paper is organized as follows. First, we present the new model. Then, we validate

the model predictions using 77, measurements from infrared radiometers mounted on two
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flux towers in Arizona, USA, which measure stands of Prosopis velutina with contrasting
water availability. We also examine the environmental variables that are most important
for predicting 77, in the observational data set. Finally, we force the model with flux tower
measurements to estimate the change in Ry that is attributable to evaporative cooling
of the leaf surface, which may reveal an important link between evaporative cooling and

net carbon uptake. In doing so, we address the following research questions:

1. How sensitive is T}, to changes in surface energy flux partitioning between AE and

H?

2. Which environmental variables directly regulate 77,7 Which of those variables is

most important for regulating 77, in dryland ecosystems?

3. How much is R, reduced by evaporative cooling of the leaf surface?

2.2 Methods

2.2.1 Leaf temperature model

Steady-state surface energy balance can be modeled as the difference between Q),,, H,
and \E:
Q.—H—-)XE=0 (2.2)

When modeling the energy balance of individual leaves, the @), term is equivalent to leaf-
level net radiation (R,,), which is the sum of downwelling () and upwelling (1) shortwave

(SW) and longwave (LW) radiation fluxes:

R, = SW| — SWt+ LW| — LW? (2.3)
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The LW term can be calculated as a function of 77, measured in K:

LW1 = kepoT} (2.4)

where ¢/, is leaf emissivity (e, = 0.98), o is the Stefan-Boltzmann constant (5.67 x 10®
W m? K*), and k is a coefficient that indicates whether it is a one-sided (k = 1) or
two-sided (k = 2) leaf model. The H term in Equation [2.2| can be calculated as:

H— kM (2.5)

rH

where p is air density, ¢, is the specific heat of air, and rp is the aerodynamic resistance
to H. We combined Equations 2.1, 2.2 and and rearranged to produce a novel

linearized equation for T, — T,:

- QarH

T, —1T, = 1-f
L kpc, ( ) (2.6)
_ QaTH i Qaer
kpc, kpc, g

The expanded version of Equation [2.6] contains two additive terms: a radiative heating
term that is proportional to (), and an evaporative cooling term that is proportional to
fe. Importantly, Equation [2.6|reveals that T, — T}, is a linear function of fr and that the
slope and intercept are functions of (), and rg. Because the slope and intercept negate
each other (i.e., slope = intercept x -1), T, — T, = 0 °C when fr = 1, which reveals that
T}, converges at T, when A\E consumes all of the energy incident on the leaf surface. It

follows that:
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QarH . QaTH
kpc, kpc,

T, =T, + e (2.7)

Equation provides a framework to examine the competing roles of T,, radiative heat-
ing, and evaporative cooling in regulating 7. It also provides a framework to examine
the resulting impacts on plant physiologic function.

It is worth noting that 77, appears on both sides of Equation because T}, regulates
R, and thus @, (i.e., Equation . If R, is not measured directly, Equation can be
solved numerically, as is discussed below in Section [2.2.3] Alternatively, the R,, term can

be approximated using isothermal net radiation (R, ;) following [Jones| (2014):

Rpi=SW] —SWHt+ e, LW| — kepoT} (2.8)

We used direct measurements of R,, throughout our analysis, except as noted in Section

223

2.2.2 Leaf temperature sensitivity analysis

We modeled the sensitivity of T, — T}, to environmental drivers by forcing Equation
ﬁ with simulated values of @, (250, 500, and 750 Wm™), rz (1, 10, 20, 30, and 40
sm™'), and fg (0-1). The p term was held constant at 1.006 kg m™, and the ¢, term was
held constant at 1010 J K kg™!, which are representative values for the study area. A

one-sided model (k£ = 1) was used to facilitate intercomparison with subsequent analyses.

2.2.3 Flux tower observations

We compared the modeled sensitivities from Equation to measurements from

two eddy covariance flux towers in Arizona, USA, where T}, was measured by infrared
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radiometers mounted on the towers. The infrared radiometers measured the average
temperature of many leaves on the outside of the P. welutina canopies, so we use the
term T, to describe the radiometer measurements of “canopy-scale leaf temperature”
following [Still et al. (2021). However, we generally assume that 7T, = T}, and we use 7.
and T, interchangeably. The flux tower data set contains 17 site-years of growing season
measurements under varying environmental conditions. We also used the flux tower data
to analyze the environmental drivers of T, and to quantify the impact of T, on R.

The T, measurements by the infrared radiometers represent leaves on the outside of a
single P. velutina canopy, while the eddy covariance measurements represent the average
fluxes within the fetch of the sensors (ca. 50-200 m). We acknowledge the scale mismatch
between the canopy-scale T, measurements and the fetch-scale flux measurements, but
we contend that novel insights can still be gleaned from the measurements using a “big
leaf” assumption, whereby the entire fetch is assumed to behave like a single leaf in
order to link leaf-scale theoretical models with canopy-scale measurements (e.g., |Sellers
et al., [1992; |Amthor| [1994). In this context, Equation can be used to predict the
average surface temperature of an entire canopy or stand. Canopy-scale processes are
arguably more important than leaf-scale processes for understanding terrestrial ecosystem
function, but they are also more difficult to constrain (Bonan, [2016). The temperature
and fluxes of individual leaves can be measured using in situ sensors, but they may not
be representative of the canopy as a whole (Miller et al 2021 [Vinod et al., 2023)). We
believe that the big leaf assumption is a reasonable approach to glean insights into the
theoretical drivers of canopy-scale processes. To connect the leaf-scale theoretical model
with the canopy-scale measurements, we included a ground heat flux (G) term when

calculating @),, such that:

Qo=R, -G (2.9)
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Equation helps control for the loss of available energy through the bottom of the

canopy. We also used a one-sided model (k = 1) for all analyses.

Study sites

We analyzed data from two flux towers located in stands of P. velutina in south-
eastern Arizona, USA. Southeastern Arizona has a semi-arid climate with monsoonal
precipitation that is delivered in brief, spatially restricted storms that dominate total
annual rainfall and runoff (Thomas and Pool, 2006; [Singer and Michaelides|, 2017). The
summer growing season encompasses both the driest and wettest parts of the year. The
first part of the growing season is very dry, but ecosystems receive intense precipita-
tion after the onset of the monsoon around early July. The monsoonal precipitation
and accompanying humidity typically decrease after August, but generally remain above
pre-monsoon levels through the end of the growing season (Higgins et al., [1997). The
two stands that we analyzed have contrasting physiographic positions resulting in differ-
ences in plant water availability, particularly during the dry months before the onset of
the monsoon. The differences in water availability create ideal conditions for a natural
experiment to quantify the sensitivity of T, to AF and environmental conditions, while
holding regional climatic variables relatively constant.

The first flux tower is in a riparian woodland approximately 16 km northeast of
Sierra Vista, Arizona (31.6637°N, 110.1777°W). The riparian woodland is located on an
old alluvial terrace above the San Pedro River, where the depth to groundwater is ap-
proximately 10 m (Sabathier et al., 2021). The flux tower is located ca. 225 m from
the river channel, and the alluvial terrace is ca. 10 m above the river channel, so we
assume that evaporation from the river channel does not affect the A\E measurements.
The mean summer air temperature is 25 °C and the mean annual precipitation is 319 mm

(PRISM Climate Group, [2021; [Huntington et al., [2017). The woodland is dominated by
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a canopy of P. velutina (canopy cover ~70%) with a mean height of 7 m and a maxi-
mum height of 10 m. Leaf emergence for the deciduous P. velutina trees typically occurs
in April, and plant hydraulic function increases in late May. The understory is domi-
nated by the perennial grass Sporobolus wrightic but annual forbs and herbs are common
during the summer monsoon season (Scott et al. 2004). Rooting depths of P. velutina
can exceed 10 m (Stromberg, 2013)), and the pre-monsoon fluxes reveal that overstory
vegetation accesses groundwater. Because groundwater provides a stable source of water
that is somewhat decoupled from the local precipitation regime, evapotranspiration (ET)
consistently exceeds precipitation on an annual basis (Missik et al., 2021; |Scott et al.|
2021)). Groundwater is an important water source for maintaining vegetation structure
and function in many dryland riparian plant communities (Kibler et al. 2021)). The
understory vegetation has a maximum rooting depth of 2-3 m, so it does not have access
to groundwater and is dependent on water inputs from local precipitation (Scott et al.,
2004).

The second flux tower is in an upland savanna at the Santa Rita Experimental Range,
approximately 45 km south of Tucson, Arizona (31.8214°N, 110.8661°W). The site is a
semi-desert grassland that has been encroached by P. velutina. The mean summer air
temperature is 26 °C and the mean annual precipitation is 368 mm (PRISM Climate
Group), 2021; Huntington et al., [2017)). [Scott et al. (2009) reported that the P. velutina
canopy ranges in height from 0.25 to 6 m (mean height 2.5 m) and covers ~35% of the
ground area. Leaf emergence for P. velutina typically occurs in April (Seyednasrollah
et al., 2019). The P. velutina plants at the upland savanna likely had lower leaf area
index and smaller average leaf size than those at the riparian woodland (Stromberg et al.)
1993). Perennial grasses, forbs, and subshrubs cover ~22% of the ground area (Scott
et al., 2009). Depth to groundwater exceeds 100 m, so the overstory and understory

vegetation do not have access to groundwater and are dependent on water inputs from
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local precipitation.

Both flux towers contain an array of eddy covariance, meteorological, and soil sensors,
along with infrared radiometers (IRT-P, Apogee Instruments, Logan, UT) pointed 45°
off-nadir at the P. velutina canopies. This study primarily relied on flux measurements
of \E, H, R,, G, SW], SWT, and LW ; meteorological measurements of 7T;,, wind speed
(u), and relative humidity (RH); measurements of soil temperature (75) and soil water
content (SWC); and 7. measurements from the infrared radiometers. In the riparian
woodland, A\E and H were measured at 14 m. G was quantified for the surface using
soil heat flux plate measurements at 5 cm depth along with the change in heat storage
from 0-5 cm depth. Canopy-level T,, u, and RH were measured at 8 m. T, was measured
at 5 cm depth and SWC was measured at 22.5 cm depth. The infrared radiometer was
mounted at 10 m. A four-component net radiometer measured individual SW/], SWt,
LW+1, and LW{ fluxes from 2001-2003, but it was replaced by a two-channel SW and
LW net radiometer from 2004-2006. The four-channel radiometer was mounted at 14 m,
and the sensors for the two-channel radiometer were mounted at 10 m and 14 m. In the
upland savanna, A\E and H were measured at 7.8 m; SW|, SW1, LW1, and LW] were
measured at 7.1 m; and G was quantified for the surface. Canopy-level T, and RH were
measured at 2 m. Canopy-level u was measured at 3.5 m. T, was measured at 5 cm depth
and SWC was measured at 20 cm depth. The infrared radiometer was mounted at 7 m.
Atmospheric transmittance and emittance were assumed to have a negligible impact on
the radiometer measurements over the short distances (ca. 5 m) between the radiometers
and the canopies (Aubrecht et al. 2016). We also assumed that the differences in T,
between the meteorological sensors and the canopies were negligible, given that the T,
sensors were at approximately the same heights as the measured leaves. All flux tower
data were acquired from Ameriflux (sites US-CMW and US-SRM, respectively). See

Scott| (2021alb) and Scott et al.| (2004} [2009) for additional details about the collection
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and processing of the flux tower data.

Several criteria were used to filter the half-hourly flux tower measurements:

e growing season observations between May and September

e daytime observations between 8:00 and 16:00 local time

e removed days with any measured precipitation and the day after any measured
precipitation

e observations with friction velocity (u.) > 0.2

We also removed years that did not have complete records of growing season mea-
surements and years where there were apparent shifts in the infrared radiometer view
angle due to a loose mounting bracket, as evidenced by sudden changes in the relation-
ship between T, and T, at 5 cm depth. Based on these criteria, two site-years of data
were removed for the riparian woodland (2007 and 2008), and four site-years of data
were removed for the upland savanna (2014, 2015, 2020, and 2021). The resulting data
set contained six site-years of data for the riparian woodland (2001-2006) and eleven
site-years of data for the upland savanna (2007-2019, excluding 2014 and 2015). The Ry,
analysis relied on individual measurements of SW|], SW1, and LW fluxes, which were
only available from 2001-2003 at the riparian woodland. They were available for all years
at the upland savanna. The flux tower measurements were used to force Equation
and analyze the sensitivity of T, to AE and environmental conditions. All of the other
terms in Equation [2.7] can be directly derived from the flux tower measurements, except

for ry.
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Resistance to sensible heat flux

Following [Young et al.| (2021), the canopy-scale ry is the sum of the resistance to

momentum transfer (r,,) and the excess resistance (7,):
TH = Tam + Toh (2.10)
The 74, term can be estimated as a function of u and the friction velocity (u.):
Fam = —= (2.11)

The 1, term is a function of the roughness lengths for momentum (zq,,) and heat (zop)

as well as stability functions for momentum (1,,) and heat (¢5,) exchange:

Toh =

* Z0h

[Zn (Zo—m) — ¢m] (2.12)

where £ is the Von Kédrman constant (k = 0.41). Equation 8 can be simplified to ignore
the stability functions, which have a negligible impact on the predicted values of r;, at
a canopy scale (Young et al., [2021)):

1

KUy <0h

The 2y, and 2o, terms are often represented by the parameter kB! such that:

kB~ =1In (Zo—m) (2.14)

20h

b — /{ZBil (215)
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At an ecosystem scale, the parameter kB! varies as a function of land cover, leaf area,
vegetation structure, and environmental conditions (Yang and Friedl, 2003). Various
empirical formulations for kB! have been developed. We estimated kB~! as an empirical
function of w, following [Thom (1972)), which yielded the most parsimonious predictions
of ry out of 12 formulas described by Verhoef et al.| (1997) and Hong et al. (2012)). The

comparison of the formulas is described in Appendix [B]

kB~! = 1.35k(100u,)"? (2.16)

Model validation

The flux tower measurements were used to validate the model described in Equation
2.7, We compared the T, measurements from the infrared radiometers to 7, predictions
that were generated by forcing Equation with concurrent flux tower measurements.

The MAE, R2, slope, and bias were used to quantify the model performance at each site.

Energy balance closure

The model presented in Equation assumes energy balance closure. However, en-
ergy balance closure is rarely achieved in eddy covariance measurements due to systematic
sensor errors, differences in the spatial footprints of individual sensors, advective fluxes,
and a variety of other factors (Stoy et al., 2013} [Mauder et al., | 2020). The energy balance

closure ratio (C) can be calculated as:

NE+H
Qa

We calculated C' for the half-hourly flux measurements using Equation [2.17]

C (2.17)

We quantified the sensitivity of the T, predictions to C' by forcing closure in the flux
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measurements and then comparing the 7T, predictions from the forced and unforced val-
ues. While forcing energy balance closure is often not recommended for eddy covariance
analyses (e.g., Scott, 2010)), comparing the different 7, predictions enabled us to quantify
the model error that might be attributable to the lack of energy balance closure. Energy
balance closure was forced by assuming that the A\E and H were measured correctly and
adjusting the value of ),. Energy balance closure can also be forced by assuming that
Q. was measured correctly and adjusting the values of AE and H (Twine et al.; 2000
Knauer et al., 2018]). However, the H term is not explicitly represented in Equation .

Energy balance closure was forced by setting ), equal to the sum of the turbulent fluxes:

Quy=AE+H (2.18)

where the subscript f denotes that the value was adjusted to force energy balance closure.
Equation [2.7 was forced with @), s to generate a new set of T, predictions. All other model
forcings remained unchanged. We compared the two sets of T, predictions to estimate

the model error that might be attributable to the lack of energy balance closure.

T/ET partitioning

The model presented in Equation also assumes that all AE is attributable to leaf
transpiration (7"). However, eddy covariance measurements are collected at a stand scale,
and soil evaporation (E) may also contribute to the AE signal. The ratio of T'//ET can be
used to quantify the extent to which the AE signal is attributable to T". Several methods
have been proposed to partition 7" and E in eddy covariance measurements (Stoy et al.|
2019). We reanalyzed data from |Scott et al. (2021) and Nelson et al. (2020a,b), who
partitioned data for the riparian woodland and upland savanna, respectively, using the

method proposed by Nelson et al. (2018)). We used their daily estimates of 7" and ET
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to calculate T'/ET for the two sites. The T'/ET analysis included all days where there
was at least one half-hourly measurement in the filtered eddy covariance data set and
an estimate of T/ET from the published data sets. The resulting data set covered years
2005-2006 for the riparian woodland and 2007-2013 for the upland savanna.

Analysis of flux tower measurements

We conducted several analyses to identify the mechanistic basis for the model behavior
using the flux tower measurements. We compared the distributions of the T, — T, and
fE measurements and calculated the seasonal and diurnal climatology of T, — T, at each
site. We also produced seasonal and diurnal climatologies for the individual drivers of
T,, including T,, fg, rg, and (),. Spearman rank correlation was used to quantify the
sensitivity of T, and T, — T, to the individual drivers. The data were grouped by month
to assess seasonal changes in the variables that drive T, and T, — T,. Spearman rank
correlation was also used to quantify the sensitivity of fg, rg, and @), to environmental
variables measured by the flux towers, which may have an indirect effect on T, and T, —T,.
The environmental variables include SW{, VPD, u, and soil water content (SWC). VPD
was calculated using the flux tower measurements of 7, and RH following Allen et al.

(1998).

Leaf respiration model

We also analyzed the sensitivity of daytime leaf respiration (Ry) to changes in T,
caused by AF variability. Leaf respiration is a complex biochemical process that varies
as a function of leaf mass per area, leaf nitrogen and phosphorus concentrations, pho-
tosynthetic carboxylation capacity, T, and other variables (Atkin et al., [2015)). Leaf
respiration is also inhibited by sunlight during the daytime (Kok, 1948; Heskel et al.,

2013). In practice, Ry is often estimated as an empirical function of 7, (Mathias and
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Trugman|, 2022)). We estimated leaf dark respiration (Rp 4ork) following [Heskel et al.
(2016):

RL,dark(TL) _ RL,dark(Tref> « 60.1012(TL7TTef)70.0005(Tffoef) (2_19)

where T,..r is the reference temperature and Rj, gqr is measured in units of pmol CO,

m?s?. The Ry gurk(Trer) parameter was set to 1.7 pmol COp m™?s? based on a mea-

surement of Prosopis glandulosa by Reich et al| (1998) at a T,.; of 25 °C. Leaf light

respiration (Rpignt) was modeled as a function of Ry g4, following Way et al. (2015)

and Mathias and Trugman| (2022)):

RL,lz‘ght(TL) = RL,dark(TL) * (00039 T + 06219) (220)

Equation helps control for the light inhibition of R, which is not represented in the

Ry, dari estimates (Way et al., 2015).

We estimated Ry jign: using two temperature forcings: 7, and modeled canopy tem-
perature with no evaporative cooling (7.,.). We modeled T, by forcing Equation
with flux tower measurements. The ry term was calculated using Equations [2.10H2.16]
We used modeled rather than measured 7. values to control for any effect of changing
sensor calibrations over the multi-annual time series. We modeled T, by setting AE to
0 in Equation . We also calculated @, as a function of its component fluxes (Equa-
tions to account for the effect of T, on LW+1. When all terms in Equation
are directly measured, the feedback between T, and LW is implicitly encoded in the
flux measurements. However, when combining measured and forced flux values (i.e., by
setting AF to 0), the feedback must be explicitly specified in the analytical formulation.

The LW | term must also be multiplied by ;. The equation for 7% ,. can be written as:
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SW{ — SW1+ e, LW] —epoTh, — G
Tone = T + (W T+ e bW = epotene = Ghra (2.21)
PCp

Equation [2.21] estimates the temperature of a non-transpiring canopy. The terms of the
equation were forced with flux tower measurements. To make Equation [2.21] analytically
tractable, we rewrote the equation in the form of a quartic function and solved for T .
using a numerical solver (NumPy v1.23.3; Harris et al., 2020). Physically unreasonable
values where modeled 7, was less than modeled T, were likely due to the lack of energy
balance closure and were removed from the analysis.

The difference between the estimates of Ry, ;g using T and T, ,,. revealed the marginal
change in Ry j;,n that is attributable to T variability caused by AE (i.e., ORL jight /0T (AE)).
This framework enabled us to estimate the decrease in daytime R, caused by evaporative

cooling of the leaf surface (ARL).

2.3 Results

2.3.1 Leaf temperature model

The mechanistic model of T, presented in Equation reveals that there are three
drivers of Ty (1) Ty, (2) a radiative heating term that is proportional to @,, and (3) an
evaporative cooling term that is proportional to fz. The model predicts that T}, converges
to T, when AE consumes all of the energy incident on the leaf surface, regardless of
environmental conditions (Figure . When fr < 1, T, — T, also varies as a function
of @, and rg. Importantly, the model predicts that Ty, — T, > 0 °C under all conditions,
although there are environmental conditions when 77, — T, approaches 0 °C even though
fr < 1. Specifically, the model predicts that 77, — T, = 0 °C when Q, = 0 Wm™ or when

rg = 0 sm™, regardless of the value of fz. The first condition often happens around
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Q, = 250 Wm "~ Q, = 500 Wm "~ Q, = 750 Wm
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Figure 2.1: Predicted values of Ty, — T, from Equation [2.6] calculated using different
values of available energy (Q,), evaporative fraction (fg), and resistance to sensible
heat flux (rg). Air density (p) was held constant at 1.006 kg m™. The specific heat
of air (c,) was held constant at 1010 J K kgt

dawn and dusk, while the second condition is unrealistic in real-world settings (Young

et al} pO21).

2.3.2 Model validation

The model of T}, presented in Equation [2.7| was validated by forcing Equation 2.7/ with
flux tower measurements and comparing the T}, predictions to concurrent T, measure-
ments from infrared radiometers mounted on the flux towers. The T, measurements rep-
resented the average temperature of many leaves on the outside of a P. velutina canopy,
and we generally assumed that T, = T7,. The model yielded strong fits at both study sites
(Figure 2.2)). The predictions for the riparian woodland exhibited a stronger fit (MAE
= 2.67 °C). The predictions for the upland savanna exhibited a slightly weaker fit (MAE
= 3.42 °C), but the range of observed T, values was also larger. The model tended to

slightly overestimate T, at both sites (mean bias = 2.53 °C and 1.55 °C, respectively).
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Figure 2.2: Model predicted T, compared to T, measurements from the infrared ra-
diometers for the riparian woodland (a) and upland savanna (b). The predicted T
values were calculated by forcing Equation with flux tower measurements. The
blue lines are the 1:1 line. The mean absolute error (MAE) is also indicated. White
areas in the plots indicate that there were 0 observations in that portion of the feature
space. The color scale saturates when there are more than 100 half-hourly observations
in a given portion of the feature space.
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2.3.3 Energy balance closure

We also assessed the impact of energy balance closure on the 7, predictions. The
median energy balance closure ratio (C') in the riparian woodland was 0.86 with an
interquartile range of [0.75, 0.98]. The median C' in the upland savanna was 0.83 with
an interquartile range of [0.75, 0.92] (Figure [B.5). Forcing energy balance closure by
adjusting the @), value reduced the T, predictions by 1.06 °C in the riparian woodland
and 1.64 °C in the upland savanna. The MAE between the two sets of T,. predictions was
1.38 °C in the riparian woodland and 1.8 °C in the upland savanna. The T, predictions
based on @), y were more parsimonious than the predictions based on the unforced values
when compared to the infrared radiometer measurements at both sites. The R? values
were 0.89 and 0.7 for the riparian woodland and upland savanna, respectively. The
analysis suggests that the overestimation of 7T, seen in Figure is due, in part, to the
lack of energy balance closure in the flux data. This is supported by comparing the model
prediction error to the C' values. In the riparian woodland, the average model prediction
error was near 0 °C when C' =~ 1. When C' decreased below 1, the model prediction
error increased monotonically. In the upland savanna, the model prediction error also

increased as C' decreased below 1, although the upland savanna exhibited a less clear

trend (Figure [B.5).

2.3.4 T/ET partitioning

The analysis of T'/ET values indicated that the AE signal was dominated by 7" and
not E at both sites (Figure . In the riparian woodland, the median daily T'/ET
value ranged from 0.87 to 0.92 for each month. In the upland savanna, the median daily
T/ET value ranged from 0.72 to 0.8 for each month. The upland savanna exhibited more

variability in T'/ET values, suggesting that £ may have contributed more error to the
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Riparian Woodland Upland Savanna
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Figure 2.3: Boxplots of daily T'/ET values in the riparian woodland (a) and upland
savanna (b) for each month of the growing season. Data are reanalyzed from

(2021)) and Nelson et al] (2020a]b). Outliers are not shown.

model predictions at that site. The T/ET values were relatively consistent throughout

the growing season and did not exhibit any apparent seasonal trend at either site.

2.3.5 Flux tower observations

We also analyzed the flux tower observations to characterize the mechanistic basis
for the model behavior. In the riparian woodland, T, — T, remained close to 0 °C for
the entire time series, although T, — T, varied both seasonally and diurnally. The mean
T. — T, value across the entire data set was 1.57 °C (Figure . T. — T, values near
0 °C indicate that there was a substantial degree of evaporative cooling in the riparian
woodland. Otherwise, T, would substantially exceed T, because of energy inputs from
solar radiation. The largest T, — T, values tended to occur in May when the trees
were leafing out and plant hydraulic function was still increasing. The values decreased

substantially starting in June (Figure . In May, the average peak value was 4.27 °C,
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and by June the average peak value decreased to 2.44 °C, with lower peaks occurring in
subsequent months. The daily maximum values tended to occur around 11:30 local time.

The upland savanna exhibited similar trends. The mean T,.—T, value across the entire
data set was 6.46 °C (Figure . The largest values tended to occur in the dry months
of May and June and decreased substantially starting in July when the summer rainy
season began (Figure . In June, the average peak value was 10.59 °C. By August,
the average peak value decreased to 5.72 °C. Unlike the riparian woodland, the daily
maximum values tended to occur around 13:00 local time.

The sensitivity of T, — T, to fg from the flux tower measurements was consistent with
the sensitivity predicted by Equation 2.6 At both sites, T. — T, converged to 0 °C as
fe approached 1 (Figure , which is consistent with the model predictions shown in
Figure 2.1l When fr < 1, the range and distribution of measured T, — T, values was also
similar to the modeled values. The T, — T, values ranged from -1.24 °C (1** percentile)
to 7.61 °C (99" percentile) in the riparian woodland and -0.25 °C (1" percentile) to
16.44 °C (99" percentile) in the upland savanna. The maximum values at both sites
occurred when fg approached 0, consistent with the model predictions. The fg values
for the upland savanna (mean fr = 0.15) were on average lower than the fg values for
the riparian woodland (mean fr = 0.46), which provides a mechanistic explanation for
why T, — T, was generally greater at the upland savanna than the riparian woodland.

The flux tower measurements exhibited a non-linear relationship between fr and
T. — T,, especially at the riparian woodland. The model in Equation predicts a
linear relationship between fr and T, — T, when all other variables are held constant.
The apparent non-linear relationship between fr and T, — T, is likely due to covariance
between fg, rgy, and ), on seasonal and diurnal time scales. The model validation
accounted for the changing values of fgz, g, and @),, and it demonstrated strong model

performance at both sites (Figure [2.2)).
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Figure 2.4: Energy flux measurements from the riparian woodland (a,c) and upland
savanna (b,d) differ in that the riparian woodland has a higher evaporative fraction
(fE) compared to the upland savanna. However, in both systems leaf temperature
(T.) converges to air temperature (7,) when fr approaches 1. The plots in the top
row (a,b) compare T, and T, measurements. The blue lines are the 1:1 line. The plots
in the bottom row (b,d) show the relationship between T, — T, and fr. White areas in
the plots indicate that there were 0 observations in that portion of the feature space.
The color scale saturates when there are more than 75 half-hourly observations in a
given portion of the feature space. Some outliers are outside of the plotted range.
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Figure 2.5: Diurnal and seasonal climatology of T, —T, (a,b) and Ty, (c,d) in the ripar-
ian woodland (a,c) and upland savanna (b,d). The colored lines represent the mean
values for each time of day, grouped by month of the growing season. A comparable
figure for fg, ry, and Q, is located in Appendix [B]
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Figure 2.6: Seasonal climatology of evaporative fraction (fg), resistance to sensible
heat flux (rp), and available energy (Q,) in the riparian woodland (a-c) and upland
savanna (d-f). The colored bars represent the median values for each month of the
growing season. The black vertical bars represent the interquartile range. The @,
values are limited to observations from 12:00 local time.

Drivers of leaf temperature

Seasonal climatologies of fg, ry, and @), revealed seasonal changes in the environ-
mental variables that drive T, — T,. The fg exhibited the most pronounced seasonal
trends and generally tracked the onset of the monsoon. In the riparian woodland, me-
dian fg increased from 0.2 in May to 0.57 in August. In the upland savanna, median
fr remained low in May and June (0.08 and 0.07, respectively) and increased to 0.32 in
August. At both sites, ry exhibited a much less pronounced seasonal trend. Monthly
median 7y values ranged from 12.1 to 14.6 sm™ in the riparian woodland and 20.4 to

24.6 sm™ in the upland savanna. Likewise, median monthly @, (measured at 12:00 local
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time) exhibited little seasonal trend and ranged from 604 to 652 Wm™ in the riparian
woodland and 501 to 528 Wm™ in the upland savanna. The greater values of Q, in the
riparian woodland are likely due to the greater canopy cover with lower albedo as well
as smaller G flux. The median albedos were 9.3% and 15.2% in the riparian woodland
and upland savanna, respectively. The median G fluxes were 59 Wm™ and 119 Wm2,
respectively.

The ry term can also be calculated directly from temperature measurements by
inverting Equation (Verhoef et al., [1997). The inversion method yielded a different
seasonal trend, indicating that rgy decreased throughout the growing season. However,
the values of ry were generally similar using both methods (Figure .

Spearman rank correlation was used to quantify the sensitivity of observed T, to
the individual variables that drive T, including T,, Q., vy, and fg. As expected, T,
was highly correlated with 7, in all months at both sites (r; > 0.75; Figure . We
controlled for T, by repeating the analysis with T, — T, values. There were coherent
seasonal trends in the correlations between T, — T, and @),, ry, and fr at both sites
(Figure . In the riparian woodland, T. — T, was highly correlated with fg early in the
growing season (rs = —0.79 in May), but the sensitivity to fr decreased as monsoonal
moisture accumulated in the ecosystem (r; = —0.14 in September). The sensitivity
to ), peaked in the middle of the summer (ry = 0.71 in July) and was lower at the
beginning and end of the growing season. The sensitivity to modeled ry was negligible
in all months (r; < 0.1). In the upland savanna, T, — T, was more sensitive to ), in May
and June (ry = 0.56 and 0.58, respectively) and more sensitive to fg after the onset of
the monsoon in July. The sensitivity to fr peaked in July (rs = —0.68) and decreased
at the end of the growing season. The sensitivity to modeled rg was weak in all months
(—0.15 <1, <0.09).

Spearman rank correlation was also used to quantify the sensitivity of observed Q),,
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Table 2.1: Spearman rank correlations between observed Q,, 7, and fr and environ-
mental variables measured by the flux towers, including shortwave insolation (SW),
vapor pressure deficit (VPD), wind speed (u), and soil water content (SWC) for the
riparian woodland and upland savanna.

Riparian Woodland Upland Savanna
SW, VPD w« SWC SW| VPD u« SWC

fe -039 -0.15 -0.36 0.02 -0.36 -0.34 -0.40 0.76
rg -0.15 -0.21 -0.73 0.12 -0.08 -0.02 -0.66 0.04
Q. 086 027 0.15 -0.02 091 020 027 0.07

ru, and fg to environmental variables measured by the flux towers, including SW|, VPD,
u, and SWC. The fr term was negatively correlated with SW] and VPD at both sites
(Table . The fg term was also negatively correlated with u, potentially because u
often peaks late in the afternoon when VPD is highest. The fr term was negligibly
correlated with SWC in the riparian woodland (ry = 0.02) but strongly correlated with
SWC in the upland savanna (r; = 0.76), likely due to contrasting groundwater availability
at the two sites (Mayes et al.| 2020} [Sabathier et al.,|2021). The u term was the dominant
driver of ry at both sites (rs = —0.73 and -0.66, respectively), which was expected given
that u is encoded in the ry calculations. SW] was the dominant driver of @, (rs = 0.86
and 0.91, respectively). The analysis of the environmental variables also explains the
negative correlations between T, — T, and ry at both sites (Figure , which were
contrary to expectations. The negative correlations likely emerge from the fact that u
has negative correlations with both fg and rg (Table , yvet fg and ry have opposing
effects on T, — T,. Thus, the effect of u on fg and T, — T, is likely large enough to

confound the relationship between rg and T, — T,.
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Figure 2.8: Diurnal and seasonal climatology of modeled 7., — T¢, which indicates
the change in T, due to evaporative cooling of the leaf surface. The colored lines
represent the mean values for each time of day, grouped by month of the growing
season, for the riparian woodland (a) and upland savanna (b).

2.3.6 Evaporative cooling

The modeled values of T, and 7, ,. revealed the change in 7, that can be attributed
to evaporative cooling of the canopy. The T,,. — T. values were generally greater in
the riparian woodland than the upland savanna (Figure . At both sites, seasonal
variability in 7, ,. — T, tracked the seasonal trends of fg. The smallest values of T ,,. — T
occurred in May at the riparian woodland and in May and June at the upland savanna.
The largest values of T, ,. — T, (i.e., the most evaporative cooling) occurred in August
at both sites. In the riparian woodland, the maximum daily climatological T ,. — T
was 1.45 °C in May and 4.81 °C in August. In the upland savanna, the maximum
daily climatological T, — T. was 1.14 °C in May and 3.35 °C in August. The dip in
T, ne—T¢ values in the middle of the morning is likely a measurement or modeling artifact,

potentially caused by shading of the flux tower sensors.
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2.3.7 Impact of evaporative cooling on leaf respiration

Leaf light respiration (Rp ignt) was predicted using modeled values of T, and Tt ..
The difference between the two predictions (AR;) indicates the change in Ry jgn: that
is attributable to evaporative cooling of the canopy. In the riparian woodland, ARy,
exhibited consistent seasonal patterns each year, with the lowest values occurring during
the pre-monsoon period in May and the largest values occurring in August (Figure .
In May, evaporative cooling decreased Ry jigne by 5-11%. In August, evaporative cooling
decreased Ry, jign: by 21-24%. In the upland savanna, ARy, varied much more sporadically,
likely due to the dependence of the ecosystem on water inputs from precipitation. The
smallest values of AR typically occurred in May and June of each year, and the largest
values typically occurred in August. In May, evaporative cooling decreased Ry jignt by
4-11%. In August, evaporative cooling decreased Ry jigne by 7-28%. The largest value
of ARy, occurred in July 2008, when evaporative cooling decreased Ry, jigne by 31%. It
is important to note the difference in sample size at the two study sites (3 years for the
riparian woodland vs. 11 years for the upland savanna) due to the limited measurements
of SW{, SW*, and LW in the riparian woodland, which may account for some of the

contrasting variability.

2.4 Discussion

We have presented a novel model to predict leaf temperature (77) as a linearized
function of the evaporative fraction (fg). The model predictions and empirical obser-
vations presented here demonstrate that evapotranspiration reduces 77 by consuming
energy that would otherwise be partitioned into sensible heat flux. The model predicts
that Ty, — T, varies as a linear function of fr when all other variables are held constant.

The model also predicts that T, = T, when fg = 1. When fr < 1, T} theoretically
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Figure 2.9: Monthly mean decrease in daytime leaf respiration (ARy) that is at-
tributable to evaporative cooling for the riparian woodland (a) and upland savanna
(b). The black vertical bars indicate the range of monthly mean ARy, values for in-
dividual years. There are 3 years of data for the riparian woodland and 11 years of
data for the upland savanna.
varies as a function of ), and ry. The theoretical predictions from the energy balance
model were tested using canopy-scale measurements of leaf temperature (7.) from two
flux towers with contrasting water availability. At both sites, T, converged to T, when fg

approached 1. The mechanistic model presented in Equation exhibited strong model

fit at both sites. Our findings are also consistent with a multi-site synthesis reported by

Panwar et al.| (2020), who demonstrated that the difference between surface temperature

and air temperature was negatively correlated with fp across a variety of ecosystems.

2.4.1 Environmental controls on 7,

The flux tower observations suggest that water availability plays an important role
in regulating fr and its impact on 7T,.. The riparian woodland has consistent access to

shallow groundwater (depth to groundwater ~ 10 m), which provides a persistent source
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of water that is decoupled from the local precipitation regime on short time scales. The
upland savanna does not have access to groundwater (depth to groundwater > 100 m)
and is thus reliant on water inputs from monsoonal precipitation during the growing
season. As a result, fg was decoupled from near-surface SWC in the riparian woodland
(rs = 0.02) but strongly coupled to SWC in the upland savanna (r; = 0.76). The
enhanced water availability in the riparian woodland resulted in an earlier increase in fg
in the late spring and higher values of fr throughout the growing season compared to
the upland savanna (Figure [2.6)).

The differences in fg at the two sites resulted in different magnitudes of evaporative
cooling throughout the growing season. In the riparian woodland, T,—T, < 2 °C for much
of the growing season, while in the upland savanna 7} consistently exceeded T, by as much
as 10 °C (Figure . The seasonal patterns of T, — T, matched the seasonal patterns in
fE at both sites. That being said, the strength of the correlation between T, — T, and
fE in the riparian woodland decreased throughout the growing season, suggesting that
(., and not water availability, was the primary driver of riparian 7, by the end of the
growing season (Figure[2.7). In the upland savanna, T, — T, was most strongly correlated
with fz in the middle of the growing season during peak monsoonal precipitation and
less strongly correlated with fz during the drier periods at the beginning and end of the
growing season.

At low values of fg, T, — T, is largely regulated by non-evaporative cooling processes
(Muller et al., 2021} [2023). The efficiency of non-evaporative cooling is determined by
the resistance to sensible heat flux (ry). At a leaf scale, ry is a function of leaf size, leaf
structure, and the wind speed across the leaf surface (Balding and Cunningham), 1976;
Jones| 2014} |Leigh et al. [2017). At a canopy scale, ry is also a function of vegetation
cover and vegetation structure, which drive turbulent mixing (Yang and Friedl, 2003;

Rigden et al.; 2018). The upland savanna experienced a larger range of T, — T, values at
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low values of fz because there was a larger range of ry values under those conditions. In
the riparian woodland, fg and rg covaried more strongly, resulting in a smaller range of
T. — T, values at low values of fg. Interestingly, the upland savanna experienced higher
wind speeds and likely had smaller leaves (Stromberg et al., [1993), which are typically
associated with more efficient heat transfer, but the riparian woodland had lower modeled
values of . This suggests that turbulent mixing at a canopy scale played an important
role in regulating rg, which is consistent with previous analyses of ry across different

vegetation types (Rigden et al. 2018; [Young et al.| 2021)).

2.4.2 Limited homeothermy

The mechanistic relationship between T, and T, has received considerable attention
in literature (Cavaleri, |2020, and references therein), with various studies arguing that
plants exhibit either limited homeothermy (7}, < T, at high values of T,), poikilothermy
(T, = T,), or megathermy (7, > T, at high values of T},). We found that the riparian
woodland generally exhibited poikilothermy. The slope of the relationship between T
and T, was close to 1 (8 = 0.92) and there were few observations where T, < T,
even at high values of T,. The upland savanna exhibited megathermy; the slope of
the relationship between T, and T, was greater than 1 (§ = 1.17) and T, consistently
exceeded T,. Neither site in this study exhibited a clear signal of limited homeothermy.
Moreover, the mechanistic model of T}, always predicts that T, > T, when @), > 0 W
m? and fp < 1. Even if stomatal conductance is not limiting, there is by definition
not enough @, in the system to increase AE to levels that result in 77, < T, under
normal conditions. It follows from Equation that T, < T, can only occur if fp > 1.

Previous studies have demonstrated that fz > 1 only occurs briefly around sunrise and

sunset when H is negative and AFE is positive, a time of day when the magnitudes of

61



Chapter 2

energy fluxes are small. The value of fz is somewhat constant during daylight hours and
typically substantially less than 1 (Crago, |1996; Gentine et al., 2007, 2011)). Conditions
where fr > 1 can also occur as a result of the “oasis effect” whereby the advection of
dry air over well-watered vegetation creates a land-atmosphere feedback that causes \F
to exceed @), (Baldocchi et al.| [2016). The oasis effect is most commonly associated with
rice paddies and wetlands in semi-arid climates, but it is not clear how often the effect
actually occurs (Baldocchi et al., [2016]).

Despite the lack of theoretical or empirical support for limited homeothermy in the
data examined here, observations where 77, < T, are commonly reported in literature.
Some researchers have suggested that observations of limited homeothermy are due to
systematic errors from certain types of in situ sensors (Still et al., 2019b). However,
observations where 17, < T, have also been reported in studies that measure T} us-
ing infrared radiometers (e.g., Idso et al., [1981; |Jackson et al., [1981; Kar and Kumar,
2007; [Ballester et al., 2013} Blonder et al., [2020). Thus, there is an apparent paradox
whereby observations of T, < T, seem highly unlikely given fundamental energy balance
constraints (Equation [2.6]), but are nonetheless common. [Blonder and Michaletz] (2018)
demonstrated from energy balance theory that limited homeothermy can only occur when
stomatal conductance is high and rg is low. Other research has examined non-steady
state T, dynamics, which are not explored here (e.g.,|Leigh et al,2017)). The relationship
between fr and T}, established by this study represents another novel constraint on leaf
thermoregulation via limited homeothermy. Further theoretical and empirical research is
needed to constrain the conditions that result in observations where 17, < T4, especially
given the substantial disagreement over how frequently leaf thermoregulation actually

occurs in nature (e.g., Blonder et al., |2020; [Still et al., [2022).
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2.4.3 Plant carbon balance

Constraining the mechanistic relationship between T, and T, is of critical impor-
tance for modeling ecosystem responses to anthropogenic climate change. Leaf energy
balance and 77, serve as fundamental constraints on the selection and adaptation of plant
traits (Michaletz et al., 2015, 2016), which are generally assumed to maximize net car-
bon uptake while controlling for the risk of plant hydraulic failure (Wolf et al., |2016;
Sperry et al.| 2017; [Mencuccini et al, |2019). Previous trait-based research has focused
on the role of stomatal conductance in maximizing photosynthetic assimilation via bio-
chemical fixation of carbon (Cowan and Farquhar, |1977; Medlyn et al., 2011). Here we
demonstrate that stomatal conductance also alters net carbon uptake via the impact of
evaporative cooling on R;. In both the riparian woodland and upland savanna, evap-
orative cooling of the leaf surface often reduced Ry by ca. 15% in the middle of the
growing season. Reduced T, from evaporative cooling would also be expected to keep T},
closer to the photosynthetic optimum in hot environments, maximizing photosynthetic
assimilation (Roden and Pearcy, |1993; Medlyn et al., |2002)). For example, |Uni et al.
(2022) demonstrated that a reduction in 77, from 40 °C to 35 °C would increase pho-
tosynthetic assimilation by 42%. Their study analyzed Acacia tortilis, a species that is
structurally and functionally similar to P. wvelutina. The regulation of T by stomatal
conductance represents an important linkage between plant water and carbon cycles that
has received little attention in literature (but see [Michaletz et al., [2015} 2016) and may
alter predictions of optimal plant traits and behavior. All other factors held constant,
the data examined here suggest that high levels of AE will enhance net carbon uptake
by reducing Ry, which may marginally favor high risk-high reward hydraulic strategies

in dryland vegetation (e.g., Hultine et al., |2020; Williams et al., 2022).
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2.4.4 Thermal remote sensing

Equation also provides a physical basis to interpret thermal remote sensing mea-
surements (Mallick et al.| 2022). Tower-mounted infrared radiometers are a reliable proxy
for airborne and satellite thermal sensors, which can measure surface temperature over
broad spatial scales. Thermal remote sensing is widely used to monitor agricultural
productivity (Jones et al., |2009; Maes and Steppe, 2012)) and manage water resources
(Anderson et al., 2012). Our study joins other recent efforts to unify plant traits and
thermal measurements, which will likely yield novel insights into ecosystem processes at

leaf to global scales (Still et al., [2019a;, 2021} Farella et al., 2022).

2.5 Conclusion

The mechanistic relationships between water, energy, and carbon fluxes at the leaf sur-
face are of considerable importance for predicting the responses of terrestrial ecosystems
to anthropogenic climate change. The model presented here constrains the mechanistic
relationship between T, and T, and provides a framework to quantify evaporative cooling
of the leaf surface. Importantly, the model reveals that T, — T, varies as a linear function
of fg and that T, — T, = 0 °C when fr = 1. The model predictions were validated using
measurements of canopy-scale leaf temperature (7,) from two flux towers. Seasonal vari-
ability in measured T, was primarily driven by fg, although @, also played an important
role in regulating 7. in well-watered conditions. Neither the model predictions nor the
empirical observations provided evidence for regimes where 77, is substantially less than
T,. Future work is needed to understand the conditions that result in empirical observa-
tions of 17, < T, in croplands. Our analysis also reveals that evaporative cooling of the
leaf surface has important functional implications for plant carbon cycling. Evaporative

cooling substantially reduced Rj, at both study sites. The impact of evaporative cooling
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on R; may affect predictions of optimal plant traits and behavior under future climate

scenarios.
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Vertical profiles of leaf temperature
and photosynthesis within forest

canopies

3.1 Introduction

Atmospheric conditions regulate the rates of mass and energy exchange between plant
tissues and the surrounding environment. The amount of available energy, which is
driven by solar radiation, and the turbulent transport of water vapor, which is driven
by wind speed, regulate potential evapotranspiration, which plays an important role in
determining plant water use and carbon uptake (Fisher et al., [2011)). Mass and energy
exchange at the leaf surface also influence leaf temperature (Kibler et al., 2023), which
regulates the rates of leaf biochemical reactions, including photosynthesis and respiration
(Medlyn et al., [2002; Heskel et al., 2016)). Atmospheric conditions thus play a critical role
in regulating plant physiological function and mediating the interactions between water,

energy, and carbon fluxes in terrestrial ecosystems.
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In forest ecosystems, there are strong vertical gradients of atmospheric conditions
within tree canopies (De Frenne et al., 2021; Vinod et al., 2023). Leaves and branches
attenuate solar radiation downward through the canopy (Fotis and Curtis, [2017; [Béland
and Baldocchi, 2021)), while canopy structural complexity attenuates the wind speed
(Moon et al., 2019). The resulting variability in atmospheric conditions creates distinct
microclimates within tree canopies, such that individual leaves growing on the same plant
may experience vastly different environmental forcings (Song et al., 2021). Given that
leaf physiological function is regulated by atmospheric conditions at the leaf surface,
there are likely strong vertical gradients of evapotranspiration, leaf temperature, and
photosynthesis within forest canopies. The magnitudes of these gradients likely play an
important role in regulating ecosystem water use and carbon uptake. Vertical attenuation
of environmental forcings will also affect how forest ecosystems respond to anthropogenic
climate change. Many ecosystems will experience increased radiative forcing (Stephens
and L’Ecuyer, [2015)), increased air temperatures, and decreased water availability under
climate change (McDowell et al.| [2020; Williams et al., 2020). Canopy microclimates will
likely play a critical role in mitigating heat and water stress for trees (De Frenne et al.|
2021)), and they may also serve as refugia that protect the biodiversity of other plant and
animal species (Wolf et al 2021; Kim et al., 2022).

Despite the functional importance of within-canopy variability in radiation, air tem-
perature, and wind speed, the vertical profiles of environmental variables remain poorly
constrained in both models and measurements. Many analyses of plant physiological
function rely on top-of-canopy values to predict the rates of mass and energy exchange
in forest ecosystems. Likewise, measurements from remote sensing platforms and mete-
orological towers almost always measure the outsides of tree canopies, which may not be
representative of the canopy as a whole (Stark et al| 2012} Miller et al.;|2021). Relying on

these models and measurements to constrain plant functional traits may lead to biased
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predictions of how forest ecosystems will respond to anthropogenic climate change. Thus,
there is a critical need to develop mechanistic models that represent vertical variation in
canopy environmental conditions, which will improve predictions of plant physiological
function and may alter estimates of optimal leaf traits (Wright et al. 2017)) and carbon
allocation strategies (Trugman et al., 2019)) based on canopy position.

Variability in canopy environmental conditions can also affect leaf exposure to critical
temperatures that inhibit plant carbon uptake. Photosynthetic assimilation decreases
when leaf temperature exceeds ca. 30 °C (Medlyn et al., 2002), and leaf respiration
increases exponentially with increasing temperature (Heskel et al.; 2016). Likewise, when
leaf temperature exceeds ca. 45 °C, leaves experience irreversible damage to photosystem
IT that permanently inhibits leaf photosynthetic function (Havaux) [1992). Leaf trait
coordination (i.e., adapting or evolving combinations of traits that optimize physiological
function) generally enables species to avoid thermal damage within their normal ranges of
growing conditions (Michaletz et al., [2016; |Leigh et al., 2017), but non-stationary climate
change and the increasing frequency of extreme heat events may outpace plants’ capacity
to adapt to environmental change in the coming decades (Diffenbaugh and Ashtaq], [2010;
Cook et al| 2020)). Quantifying the sensitivity of leaf physiological function to different
combinations of leaf traits will provide insights into which adaptations will enhance forest
resilience under anthropogenic climate change, especially in the portions of forest canopies
where leaves experience the most environmental stress.

In this analysis, we examine whether forest canopies create novel microclimates that
enhance plant productivity and increase resilience to changing environmental conditions.
We create a mechanistic model to predict within-canopy environmental conditions as
a function of cumulative leaf area index. We then predict vertical gradients of leaf
temperature and photosynthesis extending through the canopy. We also examine whether

leaf trait coordination enables trees to avoid critical leaf temperatures that would cause
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thermal damage to photosynthetic infrastructure. In doing so, we answer three research

questions:

1. How do within-canopy microclimates predicted by known physical processes affect
the vertical profile of leaf temperature within forest canopies? How does the vertical

profile of leaf temperature vary diurnally?

2. How do the vertical profiles of leaf temperature and photosynthetically active radi-
ation affect the vertical profile of net photosynthesis within forest canopies? How

does the vertical profile of net photosynthesis vary diurnally?

3. Do trees optimize their structural and functional traits to avoid damaging leaf

temperatures across forest biomes?

Answering these research questions will provide insights into the spatial distribution of
physiological stress within forest canopies under anthropogenic climate change. Answer-
ing the first two research questions will reveal where in the canopy leaves will experience
the most stress under warming and drying conditions. Answering the third research ques-
tion will reveal the types of leaf physiological adaptations that will be needed to adapt

to environmental change, especially in the most stressed parts of forest canopies.

3.2 Methods

3.2.1 Leaf temperature model

Following Kibler et al.| (2023)), leaf temperature (77,) was modeled as a linear function

of the evaporative fraction (fg):

Qry
PCp
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where T, is air temperature, () is available energy, r g is aerodynamic resistance to sensible
heat flux, p is air density, ¢, is the specific heat of air, and fg is the evaporative fraction.

The @ term is regulated by leaf-level net radiation:

Q=SW|—SWt+ LW] — LW1 (3.2)

where SW | is shortwave incoming radiation, SW1 is shortwave outgoing radiation, LW

is longwave incoming radiation, and LW is longwave outgoing radiation. The fg term

represents the proportion of available energy that is consumed by latent heat flux (AFE):
_AE

fe= 0 (3-3)

The vertical profile of T, within a canopy was estimated by attenuating the values of
the @, AE, and ry downward through the canopy as a function of leaf area index (L).

Available energy at height z was modeled using the Bouguer-Beer-Lambert Law:

Qz = Qh eXp<_kQLz—>h> (34)

where subscript z denotes the value at the measurement height and subscript A denotes
the value at the top of the canopy. The kg term is the extinction coefficient for all-wave
net radiation, and L, is the cumulative leaf area index between height z and the top
of the canopy. The value of kg was set to 0.592 based on measurements by Baldocchi
et al.| (1984). The fr term was assumed to be constant at all heights, such that AE was
downregulated proportionally to ). As a result, the modeled value of A\E was highest
at the top of the canopy and lowest at the bottom of the canopy. The ry term was

estimated as a function of wind speed (u) and the leaf characteristic dimension (d):

70



Chapter 3

1

b (%)0.5

The coefficient b was set to a value of 0.00662 following |Jones| (2014)). The d term
represents the average path length of wind blowing over a leaf. The value of d was
estimated as the width of the leaf along the shortest axis (Gurevitch and Schuepp, 1990;
Leigh et all 2017). It can also be estimated as a function of leaf area (Ay) following

Wright et al.| (2017):

Ar

1=\15

(3.6)

where d is measured in m and A; is measured in m2. The vertical profile of u within the

canopy was estimated using the formula proposed by |Cionco (1972, |1978):

U, = Uy €Xp [a (% - 1)} (3.7)

The a term is a coefficient that was estimated as a function of L, following |Yi (2008):

o Lz—>h
a=— (3.8)

Empirical analyses have demonstrated that T, varies relatively little along vertical gra-
dients within forest canopies (Vinod et al., 2023), so T, was assumed to be constant at
all heights, such that 7, . = 15, ,. The values of p, ¢,, and d were also assumed to be
constant at all heights.

Equations (3.1 can be used to estimate 77, at the top of the canopy (z/h = 1).
They can also be used to estimate T, below a certain number of layers of leaves (z/h = 0),
which are represented by the L, ., term. The required input variables are top-of-canopy
measurements of 7, Q, u, AE, p, c,, and d.
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3.2.2 Photosynthesis model

Net leaf photosynthesis (A,) was modeled as the minimum of the photosynthesis
rates limited by Rubisco activity (A.) and RuBP regeneration (A;) minus leaf respiration

(Farquhar et al., |1980; Medlyn et al., |2002):

An = min(Ac, A]) - RL,light (39)
where Ry jigne is the rate of leaf respiration under light-inhibited conditions. Equations
3.9 were calculated following Medlyn et al| (2002). The A, term was modeled as:

Ac _ %maz(ci -r ) (310)

(Gt K (14 2))]

where V4. 18 the maximum rate of Rubisco activity, C; is the intercellular concentration
of COg, I'* is the COy compensation point, K. is the Michaelis—-Menten coefficient of
Rubisco activity for CO,, O; is the intercellular concentration of O,, and K, is the
Michaelis—Menten coefficient of Rubisco activity for O,. The C; term was calculated as

a fixed fraction of the ambient atmospheric CO, concentration (C,):

C; =0.7C, (3.11)

The I'*, K., and K, parameters were estimated using Arrhenius-type functions of leaf
temperature measured in K (7}). We used functions that were calibrated by Bernacchi

et al.| (2001):

(3.12)

[* = 42.75 exp [37830(T’“ _ 298)}

298 RT},
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[79430(T), — 298)]
K, = 404. 1
04.9 exp 2087, (3.13)
136380(T), — 298)]
K, = 278.4 3.14
P TT008RT, (3.14)

The A; term was modeled as:

J c;, —TI*
Aj = (Z) X (m) (3.15)

where J is the rate of electron transport. The value of J was calculated as a quadratic

function of the maximum rate of electron transport (Jy,qz):

0% — (aP + Jpaz)J + aPJpaz = 0 (3.16)

where 6 is the shape of the photosynthesis response curve to light, a is the quantum
yield of electron transport, and P is the photosynthetic photon flux density. The values

of Vimaz and Jy,q, were estimated using a modified Arrhenius function of 7} (Medlyn

et al., 2002):
Hd eXp Ha,lng _Topt)
— k:RTopt
f(Tk> — kopt Hd(Tk*Topt) (317)
Hd - Ha 1-— exXp TkR—Topt

where k., is the maximum value of the function, T,, is the temperature where the
maximum value occurs, Hy controls the rate of decrease when T}, > 17, and H, controls
the rate of increase when 7), < T,,;. The R term is the universal gas constant (8.314 J
mol ! K1), We used values of Kopts Topt, Hq, and H, that were derived from measurements
of Acer pseudoplatanus by Medlyn et al.| (2002).

Leaf dark respiration (Rp 4qr) Was estimated as a function of 77, following Heskel
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et al.| (2016):

RL,dark(TL) _ RL@GM(TT&” * 60.1012(TL—Trgf)—0.0005(TI%—Tfef) (3.18)

where Ry, gori(Trer) is a reference respiration value at a reference temperature (7,.5). We
set Rp dark(Trer) to 0.99 pmol m2 s based on measurements of 24 broadleaf tree species
by [Reich et al| (1998) at a T,.s of 25 °C. Leaf respiration is inhibited by light during
the daytime, so Ry 4, Was downregulated using the formula proposed by [Mathias and

Trugman (2022)) based on measurements by [Way et al.| (2015):

RL,light(TL) = RL,dark(TL) * (00039 * TL + 06219) (319)

Equations|3.943.19|enabled us to estimate A,, along a vertical profile within the canopy
as a function of T, and P. The values of T}, were calculated as described in Section [3.2.1]
The value of P at height z was modeled as a function of L, ., using the Bouguer-Beer-

Lambert Law:

Pz = Ph exp(—kaZﬁh) (320)

where kp is the extinction coefficient for P. The value of kp was set to 0.732 based on

measurements by [Baldocchi et al.| (1984]).

3.2.3 Model limitations

The model presented here represents a simplified framework to predict vertical profiles
of T, and A,, based solely on top-of-canopy measurements. To achieve this, we hold the
values of several parameters constant at all heights within the canopy. These simplifying

assumptions improve the tractability of the model, especially given that the vertical
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variation of many canopy traits is not well constrained in literature. For example, the
value of d was held constant at all heights within the canopy. In reality, there are
typically smaller leaves near the tops of tree canopies and larger leaves near the bottoms
of tree canopies (e.g., Klich|, 2000; |Zwieniecki et al., [2004)). Accounting for variability in
leaf size might improve predictions of 77, and A, at different heights within a canopy,
although it is not clear how to parameterize such a model in a generalizable manner
without extensive field measurements. The model also neglects vertical variability in leaf
angle, which also affects leaf physiological function. In reality, leaves growing at the tops
of tree canopies often have more vertical leaf angles, which reduces radiative forcing,
while leaves growing near the bottoms of tree canopies often have more horizontal leaf
angles, which maximizes photosynthetic light harvesting (Niinemets| [2010; [Yang et al.|
2023)). Incorporating leaf angle variability into the model might improve predictions of 77,
and A, although it would require a multi-layer representation of the canopy or another
spatially explicit radiative transfer scheme. Photosynthetic parameters such as V_.qz
and J,,., also exhibit vertical variation within forest canopies. Both V.., and J,,., are
typically higher near the tops of tree canopies (e.g., Carswell et al., [2000; Lamour et al.,
2023)). Accounting for vertical variation in photosynthetic parameters may affect the
predicted magnitude and spatial distribution of A, within forest ecosystems (Bachofen

et al., 2022).

3.2.4 Study sites

We analyzed eddy covariance data from five broadleaf forests spanning a large lati-
tudinal gradient in North and South America. The five sites represent a wide range of
climate zones and forest physiognomies. The specific sites were selected because they

have long sensor data records for the input variables needed to implement the 77, and A,
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models. The site characteristics are summarized in Table 3.11
Several filters were applied to the eddy covariance data set to remove low-quality

measurements:

e selected peak growing season measurements between June and August

e selected daytime observations between 8:00 and 16:00 local time

e removed days with any measured precipitation and the day after any measured
precipitation

e removed observations with low friction velocity (u.) values

Low u, values can cause errors in the eddy covariance measurements (e.g., Barr et al.|
2013)). For three of the sites, the minimum acceptable u, value was set to the site-specific
threshold reported by Barr et al| (2013). For the riparian woodland, the minimum
acceptable u, value was set to 0.2 following Kibler et al.| (2023). For the tropical rainforest,
the u, value was set to 0.15 following Bonal et al.| (2008).

The meteorological sensors at Willow Creek and the tropical rainforest were located
far above the top of the canopy, so the u measurements for the two sites were interpolated

downward to the top of the canopy by assuming a logarithmic wind profile:

log(h — ha)/z0)
log(z — hq)/z0)

Up = Uy (3.21)

where h, is the zero-plane displacement height and zy is the roughness length for mo-
mentum. The hy and zp terms were calculated as a function of canopy height (h), such
that d = 0.64h and zy = 0.13h (Jones| 2014). The sensor measurement heights (z) for
the two sites were 38 m and 58 m, respectively. The canopy heights were 20.1 m and
35 m, respectively (Gaumont-Guay et al., 2009; Bonal et al., [2008). For the other three
sites, the selected u measurement heights were approximately equal to the height of the

canopy.
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Table 3.2: Canopy traits used to parameterize the 17, and A,, models. The L; value
indicates the total leaf area index. The wu, value indicates the minimum wu, threshold
for filtering the eddy covariance data.

Site FLUXNET ID d (ecm) L,  wk (ms™)
Boreal aspen forest CA-Oas 3.5% 4.4%> 0.39¢
Willow Creek US-WCR 10.04  5.3° 0.42¢
Morgan Monroe State Forest US-MMS 10.04 45" 0.48°
Riparian woodland US-CMW 0.88 2.00 0.21
Tropical rainforest GF-Guy 5.5 6.0 0.15!

Sources: a) Hogg and Hurdle (1997), b) Barr et al.| (2004), ¢) [Barr et al.| (2013),
d) Béland and Baldocchi (2020), e) |(Cook et al.| (2004), f) |Sulman et al.| (2016]),
g) Stromberg et al. (1993), h) [Scott et al. (2021), i) Kibler et al. (2023),

j) De Azevedo Falcao et al.| (2022), k) |Ganivet and Gaspard (2013,

1) [Bonal et al.| (2008)

3.2.5 Vertical profiles

The top-of-canopy flux tower measurements were used to predict the vertical profiles
of Q (Equation [3.4)), u (Equation [3.7)), ry (Equation [3.5), and P (Equation within
each forest canopy. The predictions revealed the vertical changes in canopy microclimate
as a function of cumulative leaf area index (L,.;). The vertical profiles of T} were
then predicted using Equation [3.1 and the vertical profiles of A, were predicted using
Equations [3.943.19] The total leaf area index (L) and representative leaf width (d) for
each site were parameterized using values reported by previous studies (Table 1). The
T, and fg values were parameterized based on top-of-canopy flux tower measurements.

A sensitivity analysis was also conducted to quantify the extent to which leaf traits
regulate the vertical profile of T7. For the sensitivity analysis, the values of Q, T, p,
and ¢, were held constant at baseline conditions, and the values of u, fg, and d were
perturbed individually. The baseline conditions were set to the mean midday growing
season conditions at Morgan Monroe State Forest, which is a temperate broadleaf decid-
uous forest. The value of u was set to 0.5, 1.5, 2.5, and 3.5 ms™'. The value of fr was
set to 0.2, 0.4, 0.6, and 0.8. The value of d was set to 2.5, 5, 10, and 20 cm. The value
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of L,_,; varied between 0 and 4.5.

3.2.6 Leaf trait coordination

Leaves can experience thermal damage that disrupts photosynthetic function when
T}, exceeds a critical temperature (T,.;;) of ca. 45 °C (O’Sullivan et al. 2017). However,
coordination between leaf structural (e.g., leaf width) and functional (e.g., stomatal con-
ductance) traits can prevent leaves from experiencing critical temperatures in stressful
environmental conditions. By adjusting their stomatal conductance, which regulates fg,
and leaf size, which is related to d, plants can reduce their susceptibility to leaf thermal
damage. Coordination between these traits may be a critical adaptation that enables
plants to maintain physiological function under changing climatic conditions.

We conducted another sensitivity analysis on Equation to identify the combina-
tions of environmental conditions and plant traits that result in 77, > T,,;. The value of
Q was set to 250, 500, and 750 Wm™. The value of T, was set to 20, 30, and 40 °C. The
value of ry varied between 0 and 100 sm™, and the value of fr varied between 0 and 1.
The p term was held constant at a representative value of 1.006 kg m™, and the ¢, term
was held constant at a representative value of 1010 J kg™t K.

A second analysis examined the flux tower measurements to quantify the extent to
which leaf trait coordination enabled the plants at each site to avoid conditions where
Ty, > T..;. We calculated the critical value of fg that resulted in T, = T, for a given

set of environmental conditions:

(1L — Ta)pcp

erit = 1 —
JE,crit (SW | —SW t +LW | —eoT})ry

(3.22)

where ¢ is emissivity and o is the Stefan-Boltzmann constant. The expanded radiation

budget helps account for the feedback of T, on @), which occurs because Tj, regulates
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the rate of longwave emittance from a surface. For each site, the measurements were
filtered to select stressful conditions where T, > 30 °C. The mean values of T, SW,
SW1, LW, p, and ¢, were calculated from the selected measurements. Equation m
was then forced with different values of ry to identify the combinations of rg and fg
that result in T, = T, given the prevailing environmental conditions at each site. The
observed distributions of rg and fg across the entire data set were then compared to the
fE.crit Curves.

We also repeated the analysis with a different data set to determine whether the ob-
served leaf trait coordination between ry and fg held true at a global scale. We analyzed
a database compiled by Wright et al. (2017), which contains 6,499 measurements of tree
leaves spanning global forest biomes. The database contains a measurement of leaf area
(Ar) and geographic coordinates for each leaf. The leaf measurements generally represent
sunlit leaves, which were presumably measured on the outsides of the tree canopies (see
Wright et al., [2017). We calculated the values of ry and fg for each leaf measurement,
and we compared the ry and fgr values to the T,.; curves for different forest biomes
produced in Section |3.2.6|

The value of ry was calculated for each leaf measurement using Equation (i.e.,
rg = f(u,d)). We assumed a representative u value of 1.75 ms™!, which represents the
average measured midday top-of-canopy wind speed across the five flux tower study sites.
The value of d was calculated as a function of the A, value reported in the database using
Equation [3.6]

We used Google Earth Engine to calculate the mean midday peak growing season
value of fg for each leaf in the database. To achieve this, we used the geographic
coordinates associated with each leaf to extract values of AE and @) from ERA5-Land
gridded reanalysis data (Munoz-Sabater et al.,[2021). The gridded reanalysis data has a 9

km spatial resolution and an hourly temporal resolution. For measurements north of the
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equator, we selected peak growing season values from June to August. For measurements
south of the equator, we selected peak growing season values from January to March. The
analysis was limited to data from 2015 to 2019 for computational efficiency. The value
of fg was calculated using Equation (i.e., fg = AE/Q). For each day, we selected
the single value of fg when AE reached its daily maximum, which typically occurred
in the middle of the day. The mean midday peak growing season value of fr was then
calculated for each leaf. The distributions of ry and fg values for the 6,499 global leaf

measurements were then compared to the T,,.;; curves for different forest biomes produced

in Section [3.2.6

3.3 Results

3.3.1 Canopy microclimate

Within-canopy microclimate conditions were predicted for each site by attenuating
the drivers of T, and A,, based on known physical principles. The within-canopy values
for each variable were predicted as a function of cumulative leaf area index (L,_,;,) based
on top-of-canopy measurements. The L, ., term equals zero at the top of the canopy
and equals the total leaf area index (Lj) at the bottom of the canopy. The modeled
values of @), u, and P decreased exponentially as L,_,; increased downward through the
canopy (Figure [3.1)). The modeled value of 7y, which is a function of u and d, increased
exponentially as L, increased. The mean top-of-canopy (measured) and bottom-of-
canopy (modeled) conditions at 12:00 local time were compared for each site. The values

are summarized in Table B.3]
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Figure 3.1: Modeled vertical profiles of wind speed (u), aerodynamic resistance (rg),
available energy (Q), leaf temperature (77), and photosynthetic photon flux density
(P) as a function of cumulative leaf area index (LAI,_). An LAI, ,;, value of 0
indicates the top of the canopy. The plotted values represent mean midday growing
season conditions at Morgan Monroe State Forest.
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3.3.2 Leaf temperature

The modeled T}, at each site decreased exponentially as L, ., increased downward
through the canopy (Figure —e). The largest vertical gradients in T}, typically occurred
around the middle of the day. In the boreal aspen forest (CA-Oas), the mean midday 77,
value decreased from 24.48 °C at the top of the canopy to 20.19 °C at the bottom of the
canopy. In Willow Creek (US-WCr), the T}, value decreased from 29.04 °C to 22.04 °C. In
Morgan Monroe State Forest (US-MMS), the 77, value decreased from 36.25 °C to 28.52
°C. In the riparian woodland (US-CMW), the T}, value decreased from 36.1 °C to 33.38
°C. In the tropical rainforest (GF-Guy), the 77, value decreased from 35.39 °C to 29.9 °C.
The smallest vertical gradients in T}, typically occurred at the end of the day, when large
values of u substantially reduced 77, at all levels of the canopy. The differences between
top-of-canopy and bottom-of-canopy 77, at 16:00 local time were 2.45, 1.49, 4.12, 0.82,
and 2.22 °C for the five sites, respectively.

The values of d, u, and fg were perturbed individually to analyze the sensitivity of
the 77, model to each driver. The mean midday conditions from Morgan Monroe State
Forest were used as the baseline conditions for the sensitivity analysis. The vertical
gradient of T7, was positively correlated with d and negatively correlated with v and fg
(Figure [3.3)). For all three variables, the differences in T}, were most pronounced at the
top of the canopy (L., = 0) and approached an equilibrium value near the bottom
of the canopy. Increasing the value of d from 2.5 cm to 20 cm increased the modeled
top-of-canopy T}, value from 31.13 °C to 39.77 °C. Increasing the value of u from 0.5 sm™
to 3.5 sm™! decreased the modeled top-of-canopy T}, value from 45.92 °C to 33.54 °C.
Increasing the value of fg from 0.2 to 0.8 decreased the modeled top-of-canopy T value
from 41.62 °C to 30.21 °C.

We also compared the 77, model predictions to 77, measurements from a wet tropical
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45 1 — d=20cm | ]

d=10cm

Figure 3.3: Sensitivity of the modeled vertical profiles of leaf temperature to pertur-
bations in leaf dimension (d), top-of-canopy wind speed (u), and evaporative fraction
(fE). The data are presented as a function of cumulative leaf area index (LAI,_,p).
An LAI, ,, value of 0 indicates the top of the canopy. The baseline conditions for
the sensitivity analysis are the mean midday growing season conditions at Morgan
Monroe State Forest.

forest by [Miller et al.| (2021)). The empirical measurements were on the same order of
magnitude and exhibited many of the same trends as the T}, predictions for our study
sites (Figure . Like the model predictions, the empirical measurements typically
exhibited an exponential decrease in 77, downward through the canopy. The lowest
values of measured T}, occurred early in the morning. The highest values and the largest
vertical gradient in 77, occurred around 12:30 local time, when the difference between top-
of-canopy and bottom-of-canopy T, was 3.66 °C. The vertical gradient in 77, decreased
substantially by 16:00 local time, when the difference between top-of-canopy and bottom-
of-canopy T, was only 0.76 °C. These T, trends mirror the trends seen at the five study
sites, which suggests that the model is correctly representing the physical processes that

regulate T7,.
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Figure 3.4: Leaf temperature measured along a vertical profile in a wet tropical forest
by Miller et al. (2021). The colored lines indicate time of day. Note that the x axis
is reversed to align with other plots. Data replotted from Miller et al. (2021).

3.3.3 Photosynthesis

The modeled vertical profiles of net photosynthetic assimilation (A,) exhibited con-
trasting trends at the five sites (Figure [3.2f-j). The boreal aspen forest (CA-Oas) and
Willow Creek (US-WCr) exhibited consistent levels of A, when L, was less than ca.
1.5, but A,, decreased rapidly when L,_,, was greater than 1.5. This indicates that the
highest levels of photosynthesis occurred at the top of the canopy. In Morgan Monroe
State Forest (US-MMS) and the tropical rainforest (GF-Guy), midday A, initially in-
creased until L, ,; was equal to ca. 1.5, and then it decreased rapidly. These findings
suggest that the highest levels of midday photosynthesis occurred in the middle of the
canopy, which was contrary to expectations. Early and late in the day the highest levels
of photosynthesis occurred near the top of the canopy. In the riparian woodland (US-
CMW), midday A, increased until L, ,; was equal to ca. 2. The total leaf area index
(L) in the riparian woodland typically does not exceed 2, so the findings suggest that
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the highest levels of midday photosynthesis occurred near the bottom of the canopy,
which was again contrary to expectations. The highest levels of photosynthesis at 8:00

and 16:00 occurred at the top of the canopy.

3.3.4 Leaf trait coordination

A sensitivity analysis was conducted on Equation to identify the combinations
of environmental conditions that result in damaging leaf temperatures (i.e., T > Tppit).
The sensitivity analysis provided clear evidence of a functional trade-off between leaf
resistance to heat flux (rgy) and evaporative fraction (fg), regardless of the values of @
and T, (Figure . The value of rg is regulated by v and d. At low levels of ry, T}, was
always less than T.;;, such that there was no minimum value of fr needed to ensure that
T, < T, As ry increased, the minimum value of fr needed to prevent leaf thermal
damage also increased. At high levels of ry, leaves must maintain high levels of fg to
ensure that Ty, < T..;. Greater values of () and T, also increased the minimum values
of fg when ry was held constant. For example, when 7, = 30 °C, Q = 750 Wm™, and
ry = 25 sm™, the minimum value of fr was 0.19. When T, increased to 40 °C, the
minimum value of fgz increased to 0.73. At larger values of Q and rg, the minimum
value of fr was even higher.

The observed distributions of top-of-canopy ry and fr values from the five study
sites were then compared to the critical values that cause damaging leaf temperatures.
The critical fg curves were calculated based on average measurements from stressful
conditions when T, > 30 °C. At all five sites, the 95% percentile intervals of observed
values (i.e., the observed values without outliers) occurred in portions of the feature space
that result in Ty, < T.,;, suggesting that trait coordination between stomatal conductance

and leaf size helps prevent leaf thermal damage across forest biomes (Figure ) At
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four of the five sites, the median observations tended to converge around r values of 25

sm!

and fp values of 0.5. The riparian woodland had lower values of ry and generally
exhibited lower values of fg, suggesting that vegetation at the site has adapted to have
smaller leaves (and thus lower values of 7y ) in order to prevent leaf thermal damage when
there are low values of fr under arid conditions. Further evidence for this conclusion is
provided by comparing the critical fg curve for the riparian woodland to the observed
distributions of ry and fg values for the other sites. For Willow Creek and Morgan
Monroe State Forest, the observed values of 7y and fg are below the critical fg curve for
the riparian woodland, suggesting that the plant traits observed at those two sites are
not viable in the environmental conditions of the riparian woodland because they would
result in situations where T, > T, (Figure ) Thus, the leaf traits observed at
each site appear to be adapted to local environmental conditions and are not necessarily
viable in other forest biomes.

To further test this conclusion, we compared the critical fz curves from the five sites to
modeled ry and fg values for 6,499 measurements of tree leaves compiled by |Wright et al.
(2017). Both the fr curves and the leaf measurements were assumed to be representative
of global forest biomes. The ry and fg values associated with the leaf measurements
exhibited clear evidence of trait coordination between leaf size and stomatal conductance;
the edges of the observed rg and fg distributions closely mirrored the modeled fg curves
(Figure [3.6b). At low values of rp, the leaf measurements exhibited a wide range of fg
values. At greater values of rpy, the range of observed fr values became progressively
smaller, and the values of fr were greater. The largest values of ry correspond with
the largest values of fg, consistent with model predictions. These data provide high
confidence in the conclusion that the observed trait coordination between leaf size and

stomatal conductance holds true across global forest biomes.
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Figure 3.6: In panel (a), the horizontal and vertical bars show the range of observed
values (95% percentile interval) for aerodynamic resistance (rz) and evaporative frac-
tion (fg) in the boreal aspen forest (green), Willow Creek (blue), Morgan Monroe
State Forest (orange), riparian woodland (red), and tropical rainforest (purple). The
circles indicate the median observed values. The colored T.;; curves show the combi-
nations of rg and fg values that result in 77, = T,,;; at each site. Values to the left of
the curves indicate that T, < T+ and values to the right of the curves indicate that
Ty, > T,rit. The curves were calculated using the mean values from stressful conditions
where T, > 30 °C. Panel (b) shows ry and fg values for 6,499 measurements of tree
leaves that were compiled by Wright et al. (2017)). Observations where fr < 0 and
fe > 1 are not plotted. The T+ curves from panel (a) are reproduced in panel (b)
for comparison.
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3.4 Discussion

We have presented a novel framework to model within-canopy environmental condi-
tions based on known physical principles. The framework was used to predict the vertical
profiles of leaf temperature and photosynthesis within forest canopies. We also examined
whether leaf traits are coordinated to prevent damaging leaf temperatures that would
inhibit photosynthetic function. The sensitivity analysis presented in Figure reveals
that trait coordination is most important at the top of the canopy, where leaves experi-
ence the most stressful temperatures. Within the canopy, there are likely more feasible
trait combinations that avoid leaf thermal damage.

The environmental variables were modeled as a function of cumulative leaf area index
(i.e., the number of layers of leaves above the measurement height), which provides a gen-
eralizable method of modeling within-canopy environmental conditions across different
forest types. Different tree species have different vertical distributions of leaf area, and
the method presented here is somewhat agnostic to the unique canopy shapes that emerge
across different forest biomes (e.g., Béland and Kobayashi, [2021). Given that leaves and
their supporting branches are what attenuate energy and wind fluxes downward through
the canopy, cumulative leaf area index is a first-order control on canopy environmental
variability. The modeled presented here could theoretically be used to retrieve environ-
mental conditions at specific heights within the canopy if the vertical distribution of leaf
area is known. It could also be used in combination with light detection and ranging
(LiDAR) sensors to create three-dimensional maps of canopy microclimates over large

areas.
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3.4.1 Canopy microclimate

The modeled vertical profiles of @), u, and ry at the five study sites suggest that
the environmental conditions in forest understories are often highly decoupled from en-
vironmental conditions at the top of the canopy. At four of the five sites, the bottom-of-
canopy (Q value was 3-7% of the top-of-canopy value, and the bottom-of-canopy u value
was 5-11% of the top-of-canopy value. Somewhat surprisingly, vertical profiles of T, are
relatively constant through forest canopies (De Frenne et al., 2021; Vinod et al., [2023).
They vary far less than canopy temperature (e.g., Kibler et al., 2023), suggesting that
irradiance, and not 7,, is the primary driver of spatial variability in surface temperature
within forest canopies.

Surface temperature is affected by irradiance across the full spectrum of electromag-
netic radiation, but the distribution of radiation within forest canopies is not uniform
across wavelengths. Photosynthetically-active radiation (ca. 400-700 nm) is absorbed by
chlorophyll within leaves to drive photosynthesis, so it is attenuated downward through
the canopy as a function of leaf area (e.g., Bolstad and Gower) [1990)). Near-infrared
radiation (ca. 770-930 nm) is forward-scattered by leaves downward through the canopy,
so there are often secondary maxima of near-infrared irradiance in the middles of tree
canopies (Roberts et al., [2004). Longwave thermal irradiance (ca. 8-14 pm) is emit-
ted by the atmosphere and by leaves and branches themselves, so thermal irradiance
can also have maxima within forest canopies (Baldocchi et al., |1984). These trends are
demonstrated in data collected by Roberts et al. (unpublished data), who measured the
proportion of diffuse to direct radiation at different heights and wavelengths in a plan-
tation of Populus trichocarpa x deltoides hybrids (Figure . The visible wavelengths
exhibited clear evidence of downward attenuation through the canopy, such that lower

heights within the canopy had a smaller diffuse fraction. The near-infrared wavelengths
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Figure 3.7: Spectral measurements collected at different heights within a plantation

of Populus trichocarpa x deltoides hybrids by Roberts et al. (unpublished data). The

values indicate the fraction of diffuse radiation (i.e., diffuse/(diffuse + direct). The

colored lines indicate different measurement heights above the ground.
exhibited evidence of forward scattering, such that the largest fraction of diffuse near-
infrared radiation occurred near the bottom of the canopy. Thermal wavelengths were
not measured.

Despite the wavelength dependence of radiation attenuation within canopies, shorter
wavelengths contain far more energy than longer wavelengths, so photosynthetically-

active radiation represents the largest forcing on leaf energy balance. We modeled the

attenuation of () using an extinction coefficient for all-wave net radiation that was derived

from measurements of a temperate broadleaf deciduous forest (Baldocchi et al., 1984). To

date, there is a paucity of all-wave net radiation extinction measurements, and further
research is needed to constrain the extinction dynamics of radiation across the entire
electromagnetic spectrum.

The modeled values of u also demonstrated substantial attenuation within forest
canopies, which resulted in an exponential increase in ry towards the bottoms of canopies.

At four of the five study sites, the modeled value of ry more than tripled between the
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top and the bottom of the canopy. The ry value represents the ability of a surface or
an organism to shed heat through convection, so it plays a critical role in maintaining
surface energy balance within tolerable limits. High values of ry prevent surfaces from
shedding heat, which results in higher modeled surface temperatures. Thus, our model
suggests that () and ry represent counteracting drivers on 7T within forest canopies.
As @) decreases downward through the canopy (a negative forcing on 77), the value of
ry increases (a positive forcing on T7). At all five study sites, the modeled T}, at the
bottom of the canopy was cooler than the modeled T}, at the top of the canopy, which
suggests that () ultimately represents a more important forcing on 77, within the ranges

of observed values.

3.4.2 Leaf temperature

The vertical profiles of T}, exhibited several consistent trends across the study sites:
the value of T}, decreased exponentially downward through the canopy at all times of
day, the largest vertical gradients of T} typically occurred in the middle of the day
(12:00-14:00), the smallest values of T}, typically occurred early in the day (8:00), and
the smallest vertical gradients in T}, typically occurred at the end of the day (16:00).
Empirical measurements of 77, in a wet tropical forest by Miller et al. (2021) exhibited
those same four features, which provides additional confidence in the model predictions
presented here (Figure . Further research is needed to collect vertically-resolved
energy flux measurements and 77, measurements at the same site, which would enable
a rigorous validation of the T} predictions. While T,, u, and P are often measured
along vertical profiles within canopies, few studies have measured vertical profiles of @)
(Baldocchi et all |1984; |(Chen et al., [1997). As discussed above, @ is likely one of the

most important drivers of vertical variability in 7T;. Further theoretical and empirical
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research is also needed to constrain vertical profiles of AE, which is typically measured at
a stand scale using eddy covariance sensors. We made the simplifying assumption that
fE was constant throughout the canopy, such that AE was attenuated proportionally to
(). Based on this parameterization, the modeled value of AF was highest at the top of
the canopy and lowest at the bottom of the canopy.

The vertical profiles of T}, can also be used to improve the interpretation of temper-
ature measurements from remote sensing platforms and in situ radiometers. Thermal
sensors almost always measure the outsides of tree canopies, so their measurements may
not be representative of the canopy as a whole. Our findings indicate that top-of-canopy
measurements may be as much as 7 °C hotter than some leaves inside of the canopy, which
could lead to biased predictions of plant physiological function. The model presented here
can be used to assign confidence intervals to remote sensing canopy temperature mea-
surements and improve models of plant physiological function that rely on top-of-canopy

values.

3.4.3 Photosynthesis

Vertically-resolved estimates of T}, enabled us to model the spatial and temporal dis-
tribution of net photosynthesis (A,) within forest canopies. Unexpectedly, at three of
the five sites, the highest levels of midday A, did not occur at the top of the canopy
and actually occurred in the middle or at the bottom of the canopy. The unexpected
increase in A,, at lower levels of the canopy can be explained by the temperature and
light limitations on photosynthesis. The A,, term was modeled as the minimum of photo-
synthesis limited by Rubisco activity (A.) and RuBP regeneration (A;). Rubisco-limited
photosynthesis is regulated by T, (Figure ), while RuBP-limited photosynthesis is
regulated by both 77 and P (Figure ) Near the top of the canopy, P does not
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limit photosynthesis, so A, varies solely as a function of T;. The sensitivity of A, to
T}, resembles a bell curve as peaks at an optimum temperature (7,,;). When 77, at the
top of the canopy is hotter than 7,, the reduction in Tj, within the canopy actually
enhances photosynthesis because within-canopy 77, is closer to T, (Figure ) When
Ty, at the top of the canopy is cooler than T4, the reduction in 77, within the canopy
decreases photosynthesis because within-canopy 77, is farther from T,,,. At large enough
values of L, the P term becomes the limiting factor on photosynthesis (i.e., there is
a transition to RuBP-limited photosynthesis) and A,, decreases monotonically as L, .
increases, regardless of the value of T}, (Figure ). Thus, the model reveals that when
top-of-canopy T}, is greater than 7,,,, A, increases downward through the canopy until
the point when P becomes limiting. Under these conditions, the maximum A, occurs
at the trade-off point between Rubisco-limited and RuBP-limited photosynthesis. When
top-of-canopy 717, is less than T,,, A, decreases gradually until P becomes limiting, at
which point A, decreases more rapidly.

The A, term was modeled per unit leaf area, so whole-plant net productivity further
depends on the vertical distribution of leaf area within the canopy. Some canopy shapes
necessarily have more sunlit leaves than shaded leaves (e.g., [Tian et al.| 2021), so some
forests may experience more total productivity at the top of the canopy, even though
the highest density of productivity (i.e., A, per unit leaf area) occurs in the middle of
the canopy. Whole-plant A, also depends on stem and root respiration, which is not
accounted for here. Stems and roots incur respiratory carbon costs but generally do not
photosynthesize, so accounting for stem and root respiration would reduce predictions
of whole-plant net carbon uptake and may alter estimates of optimal leaf and canopy
traits. Interestingly, at four of the five sites, leaf A,, approached zero at the bottom of the
canopy, which suggests that the leaf area index of a canopy may be determined by the

point at which an additional layer of leaves would incur a net carbon cost (i.e., A, < 0).
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Figure 3.8: Panels (a) and (b) show Rubisco-limited A, (dashed red line) and
RuBP-limited A,, (dashed blue line) under low-light (a) and high-light (b) condi-
tions. The modeled A, (solid black line) is the minimum value of the two curves.
When top-of-canopy leaf temperature (77, ;) exceeds the optimum temperature for
net photosynthesis (7o), the within canopy-leaf temperature (77, .) is closer to Tt
than 17, (red dots). When T, j, < Topt, T1 1 is closer to Top than T, . (blue dots).
Panel (c) shows the modeled A,, for mean midday conditions at Morgan Monroe State
Forest as a function of cumulative leaf area index (LAI,_,). The modeled A,, initially
increases as a function of LAI,_,} because 17,5 > T,

3.4.4 Leaf trait coordination

The model perturbation analysis revealed that leaf traits play an important role in
regulating the vertical profile of T7,. The magnitude of the vertical gradient in 77, was
negatively correlated with fg and positively correlated with d (Figure . For all
three variables, the largest variability in 77, occurred at the top of the canopy, which
suggests that top-of-canopy leaves are most vulnerable to thermal stress and damage
under changing environmental conditions.

Plants can regulate both fr and d to avoid leaf thermal damage. Plants actively
regulate stomatal conductance, which drives fg, on time scales of minutes to hours
(Drake et al., |2013). Leaf size, which is related to d, also exhibits pronounced intra-
and inter-specific variability organized across climate gradients, which likely emerges on

inter-annual to evolutionary time scales (e.g.,|Ackerly et al., 2002; Zwieniecki et al., 2004;
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Ramirez-Valiente et al., 2010). The sensitivity analysis presented in Figure revealed
that trait coordination between fr and ry is often necessary to keep leaves below dam-
aging temperatures, and two different data sets provided evidence of trait coordination
between fg and ry across global forest biomes. (Recall that ry = f(d,u).) The find-
ings presented here provide a mechanistic framework to examine adaptive plasticity that
facilitates leaf thermoregulation and enables plants to respond to heat and water stress
under changing environmental conditions. Our findings suggest that arid sites with low
values of fr will likely adapt smaller leaves, and that larger leaves are only feasible in
mesic environments that consistently have high values of fz. Likewise, understory envi-
ronments will support larger leaves because there is less radiative forcing, which reduces
the critical value of fg at a given value of ry. Indeed, both trends have been observed in
empirical measurements of leaf traits (e.g., [Klich|, [2000; |Zwieniecki et al., [2004; [Wright
et al., 2017).

3.4.5 Forest responses to climate change

The model predictions and sensitivity analyses also provide insights into how forests
will respond to anthropogenic climate change. Many forest ecosystems will experience
increased radiative forcing, increased air temperatures, and decreased water availability
under anthropogenic climate change (Stephens and L’Ecuyer, 2015 Williams et al., 2020)).
Our findings suggest that all three shifts in environmental forcings will increase leaf
temperature under anthropogenic climate change, especially at the tops of canopies where
leaves experience the most stress (Figure [3.3). Changes in leaf temperature will in turn
decrease the net photosynthesis of forest canopies because photosynthesis in generally
regulated by leaf temperature at the top of the canopy (Figure . Any reductions in

leaf area index that occur under climate change would also diminish canopy microclimates
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and subject a larger portion of the canopy to environmental stress. Plants can potentially
mitigate the increased stress by adapting leaf traits that help maintain favorable leaf
temperatures (Figure. However, the rate of environmental change may exceed plants’
adaptive capacity in some regions. It is also worth noting that changes in plant water
use as a result of COy fertilization will also affect how plant productivity responds to

anthropogenic climate change.

3.5 Conclusion

In this study, we developed a novel modeling framework to predict the vertical varia-
tion of environmental conditions within forest canopies based on known physical princi-
ples. The model was forced with top-of-canopy measurements from five flux towers span-
ning global forest biomes. The model predictions revealed that environmental conditions
in forest understories are substantially decoupled from the environmental conditions at
the top of the canopy. The modeled vertical profiles of the environmental variables were
then used to predict the vertical profiles of leaf temperature and net photosynthetic as-
similation. All five sites exhibited exponential decreases in leaf temperature downward
through the forest canopy, with the largest vertical gradients occurring in the middle
of the day and the smallest vertical gradients occurring in the late afternoon. Unex-
pectedly, the highest levels of net photosynthesis occurred in the middle or the bottom
of the canopy at three of the five sites. An examination of the mechanistic drivers of
photosynthesis revealed that this occurred because the top-of-canopy leaf temperature
exceeded the optimum temperature for photosynthesis, so the reduced irradiance within
the canopy resulted in cooler leaves and more productivity. We also examined whether
leaf trait coordination enabled leaves to avoid critical temperatures that cause perma-

nent damage to photosynthetic infrastructure. The findings demonstrated clear evidence

100



Chapter 3

of trait coordination between leaf size and stomatal conductance in both the flux tower
data set and a separate data set of leaf measurements spanning global forest biomes. Col-
lectively, our findings suggest that vertical variation in environmental conditions within
forest canopies has a substantial impact on plant physiological function, and that canopy
microclimates likely play and important role in enhancing forest productivity and re-
silience under anthropogenic climate change. Our findings also provide insights into how
forest productivity will respond to anthropogenic climate change, and the types of adap-
tations that will help plants maintain high levels of physiological function under shifting

environmental conditions.
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The goal of this research was to identify how changes in root zone water availability
affect the evapotranspiration and photosynthesis of dryland vegetation, and to quantify
how water subsidies from shallow groundwater aquifers alter plant physiological function.
Dryland ecosystems represent the largest source of inter-annual variability in the global
land carbon cycle (Poulter et al., 2014), and the productivity of dryland ecosystems is
primarily limited by water availability, so constraining the sensitivity of dryland plant
function to changes in root zone soil moisture is of critical importance for improving global
land surface models. Groundwater-dependent ecosystems serve as an ideal natural ex-
periment in dryland plant function because they benefit from a consistent source of water
in otherwise water-limited environments. By analyzing temporal trends of groundwater
availability, and by comparing vegetation stands with and without access to groundwa-
ter, I was able to quantify the impact of subsurface water subsidies on vegetation cover,
evapotranspiration, and photosynthesis. I primarily analyzed plant physiological func-
tion through the lens of leaf temperature, which is sensitive to air temperature, radiation,
and plant water use. Leaf temperature directly regulates the rates of photosynthesis and
respiration, so it is a useful proxy for other aspects of plant physiological function that
are more difficult to measure and model.

In Chapter 1, I synthesized remote sensing data with measurements from ground-
water monitoring wells to quantify the sensitivity of riparian woodland vegetation cover
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to changes in groundwater depth during an extreme drought. Both healthy vegetation
cover and dead/woody vegetation cover exhibited a strong sensitivity to groundwater
depth. The fraction of healthy vegetation cover was negatively correlated with ground-
water depth, and the fraction of dead/woody vegetation cover was positively correlated
with groundwater depth. The land cover fractions exhibited pronounced changes when
the depth to groundwater exceeded ca. 5 m, which is approximately equal to the rooting
depths of riparian tree species. The findings suggest that changes in riparian woodland
vegetation cover were driven by riparian trees losing access to root zone water subsidies
from shallow groundwater. We also observed a coherent spatial and temporal trend of
riparian woodland mortality over six years, which mirrored similar trends in groundwater
depth. The "brown wave” of tree mortality was likely an emergent property of individual
trees responding to local changes in groundwater depth across the entire subbasin. Col-
lectively, the findings suggest that riparian tree species depend on water subsidies from
shallow groundwater to maintain high levels of physiological function, and that losing
access to shallow groundwater will cause substantial stress or mortality. Our findings
also represent one of the most robust estimates to date of the minimum groundwater
depth needed to maintain the health and function of dryland riparian woodlands.

In Chapter 2, I developed a novel theoretical model to predict leaf temperature as
a function of surface energy fluxes and environmental conditions. I demonstrated that
the difference between leaf temperature and air temperature varies as a linear function
of the evaporative fraction, which is a novel linearization that reduces the number of
surface parameters needed to estimate leaf temperature. The model was validated using
data from two flux towers that measure stands of Prosopis velutina, one of which has
access to groundwater and one of which does not. The model exhibited strong predictive
power at both sites (R* = 0.8 and R? = 0.63, respectively) when the predictions were

compared to measurements of leaf temperature from infrared radiometers mounted on
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the flux towers. The model predictions and empirical observations also revealed that
leaf temperature converges to air temperature when the evaporative fraction equals one.
When the evaporative fraction is less than one, leaf temperature is higher than air tem-
perature. The evaporative fraction data also provided insights into plant water sources
at the two sites. In the riparian woodland with groundwater access, the evaporative
fraction was not strongly correlated with shallow soil moisture. In the upland savanna
without groundwater access, the evaporative fraction was strongly correlated with shal-
low soil moisture. The findings suggest that the riparian woodland primarily consumed
deeper water from groundwater aquifers, while the upland savanna primarily consumed
shallow soil moisture derived from local precipitation. The leaf temperature model was
also used to perform counterfactual simulations to predict the leaf temperature if the
evaporative fraction was reduced to zero. We also predicted changes in leaf respiration,
which is a critical component of the carbon cycle and can be empirically modeled as a
function of leaf temperature. The simulations revealed that evaporative cooling reduced
leaf temperature by ca. 1-5 °C and leaf respiration by ca. 15% in the middle of the
growing season. The findings demonstrated a novel connection between plant water and
carbon cycles via leaf energy balance that has received little attention in literature.

In Chapter 3, I developed a novel modeling framework to predict within-canopy envi-
ronmental conditions based on top-of-canopy measurements. The model was then used to
predict the vertical profiles of leaf temperature and photosynthesis within forest canopies
at five flux tower sites spanning global forest biomes. The model predictions, which were
based on known physical principles, indicated that leaf temperature decreased exponen-
tially downward through the forest canopies. The tops of the forest canopies exhibited
the most variability in leaf temperature. The highest leaf temperatures and the largest
vertical gradients in leaf temperature occurred in the middle of the day. The lowest

leaf temperatures occurred early in the morning, and the smallest vertical gradients in
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leaf temperature occurred late in the afternoon. The leaf temperature predictions were
compared to empirical measurements of leaf temperature by [Miller et al| (2021)) in a
wet tropical forest. The empirical measurements exhibited the same key trends as the
model predictions, which provides additional confidence that the model has predictive
value. We also performed a sensitivity analysis on the leaf temperature model to identify
the combinations of environmental conditions that result in damaging leaf temperatures
(ca. 45 °C). The sensitivity analysis revealed that there is a functional trade-off between
aerodynamic resistance, which is related to leaf size, and the evaporative fraction, which
is related to stomatal conductance, such that larger leaves typically need to maintain
higher evaporative fractions to prevent leaf thermal damage. We compared the critical
leaf temperature curves to the flux tower measurements and to a separate global database
of leaf measurements, both of which demonstrated clear evidence of trait coordination
between leaf size and stomatal conductance to avoid leaf thermal damage across global
forest biomes.

Mechanistic models of ecosystem function substantially improve our ability to inter-
pret measurements from remote sensing platforms and flux tower sensors. They also
make it possible to reliably interpolate observations where sensor measurements are not
available, and they provide a framework to predict how ecosystems will respond to fu-
ture climate forcings. Many mechanistic models can also be differentiated, which makes
it possible to quantify the sensitivity of ecosystem processes to traits that are difficult
to measure. Much of the work presented here leverages a novel data-model fusion ap-
proach to quantify critical thresholds for plant physiological function that rarely occur
in reality. For example, we were able to estimate the changes in leaf temperature and
respiration that would occur if stomatal conductance was reduced to zero. We also iden-
tified the combinations of leaf size and stomatal conductance that result in damaging

leaf temperatures. Applied in this way, the data-model fusion approach will likely be
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useful for predicting critical tipping points in ecosystem function under anthropogenic
climate change. We also use the data-model fusion approach to estimate environmental
conditions along vertical profiles within tree canopies. Canopy microclimates will likely
play a critical role in enhancing forest resilience under anthropogenic climate change,
but remote sensing platforms and meteorological sensors typically measure the outsides
of tree canopies, and there have been relatively few systematic analyses of within-canopy
environmental variability (De Frenne et al., [2021; [Vinod et al., [2023). By combining
top-of-canopy measurements with a model based on known physical principles, we were
able to develop spatially explicit estimates of leaf temperature and photosynthesis within
forest canopies, and we were able to predict how canopy microclimates will respond to
changing environmental conditions. These findings can serve as the basis for future re-
search that examines how canopy microclimates alter plant physiological function and
how canopy microclimates serve as refugia for plant and animal biodiversity.

The research presented here also provides new insights into the functional ecology
of dryland riparian woodlands, which are productivity and biodiversity hotspots on dry-
land landscapes, but are also extremely sensitive to hydroclimatic change. Many riparian
woodlands in the southwestern United States grow near rivers whose hydrologic regimes
are subject to substantial anthropogenic regulation (Downs et al., 2013; Rohde et al.|
2021)). Water management decisions often come into conflict with legal obligations to
protect endangered species that rely on riparian woodlands (e.g., Kus, |1998)), and these
situations do not always have clear solutions. Some legal frameworks, such as California’s
Sustainable Groundwater Management Act, require water managers to protect the basic
function of groundwater-dependent ecosystems when making water management deci-
sions (Rohde et al., [2017). However, there is a paucity of scientific research that can be
used to inform such evidence-based water management decisions that protect ecosystem

function. I have identified the critical minimum groundwater depth that is needed to
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sustain the function of dryland riparian woodlands. This research is already being used
to inform groundwater management decisions in the Fillmore Basin in Ventura County,
California. Likewise, the remote sensing products developed in Chapter 1 are being used
in a related research project to monitor changes in habitat quality and population den-
sity for several sensitive riparian bird species. By leveraging new techniques in remote
sensing, ecological modeling, and field measurements, I have produced novel insights
into dryland riparian ecohydrology that are helping protect biodiversity and ecosystem

function under anthropogenic climate change.

3.5.1 Future Research

The findings presented here create several new opportunities for future research. The
first chapter demonstrated that groundwater declines during extreme drought conditions
can cause widespread tree mortality in riparian woodlands. Groundwater declines re-
sulting from extreme droughts are likely ubiquitous across semi-arid and arid regions,
although there is relatively little research examining how vegetation health responds to
changing groundwater depth across space and time. Future research could examine other
study systems that experienced substantial declines in groundwater during drought condi-
tions to determine whether there were coherent spatial and temporal trends of vegetation
change, similar to the brown wave of riparian woodland mortality reported here. More
advanced remote sensing data could also improve the ability of future studies to resolve
changes in ecosystem structure and function. For example, hyperspectral remote sensing
imagery could be used to develop maps of individual species within riparian woodlands,
and groundwater data could be used to constrain the sensitivity of each species to changes
in root zone water availability. Light detection and ranging (LiDAR) data could also be

used to characterize the height and structure of individual trees, and groundwater data
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could be used to determine whether trees with certain structural traits are more vulnera-
ble to groundwater declines. Future research could also examine whether the duration of
groundwater declines affects the recovery of vegetation, and whether prolonged ground-
water declines are more likely to cause drought-induced vegetation type conversion.

The research in the second chapter could be extended to quantify the magnitude of
leaf evaporative cooling that occurs across global forest biomes. It is likely that some
regions, such as wet tropical forests, experience more evaporative cooling than the dryland
ecosystems examined here. Future research could also examine the impact of evaporative
cooling on both photosynthetic assimilation and respiration, which interact to regulate
net carbon uptake. The temperature sensitivity of photosynthetic assimilation resembles
a bell curve and peaks at an optimal temperature, while the temperature sensitivity of
respiration is an increasing exponential function. The work presented here only examined
the impact of evaporative cooling on leaf respiration. Modeling both components of
the plant carbon cycle simultaneously may lead to novel insights about the connection
between plant water and carbon cycles via evaporative cooling. Future research could
also extend the modeling framework used in the second chapter to quantify the impacts
of radiative cooling on leaf temperature. Radiative cooling is an important mechanism
of leaf thermoregulation that has received little attention in literature.

The modeling framework proposed in the third chapter would benefit from more ex-
tensive validation at a study site where ecosystem energy fluxes and vertical profiles of
leaf temperature are measured simultaneously. To date, there is a paucity of such mea-
surements in the literature. Future work could also constrain the extinction coefficients
for all-wave net radiation across different plant functional types. All-wave net radiation
is an important driver of leaf temperature, but few studies have examined how it varies
along vertical gradients within forest canopies. The modeling framework could also be

used to predict how optimal leaf traits vary along vertical gradients within forest canopies.
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Conclusion

Empirical analyses have demonstrated that leaf size and shape often differ between the
tops and bottoms of canopies (e.g., Zwieniecki et al.; 2004). The work presented here
could be used to identify the mechanistic basis for such behavior across different for-
est biomes. The modeling framework could also be parameterized using LiDAR data
in order to produce three-dimensional spatially-explicit maps of canopy microclimates.
Three-dimensional maps of canopy microclimates would not only be useful for improving
predictions of plant physiological function, but they could also lead to novel insights into
wildlife ecology and physical climate processes. Such research could result in a more
synthetic understanding of the interactions between hydrological processes, plant traits,

and ecosystem function across global forest biomes.
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Supplementary Information for

Chapter 1

A.1 Depth to groundwater

We used two different protocols to calculate DTG at the study sites, depending on
the data availability for each site. The first protocol was used for four sites that had a
nearby shallow well (< 30 m deep) with a complete time series of measurements from
2011 to 2018. Well depths for the shallow wells ranged from 9.8 m to 28 m. The
distance between the riparian woodlands and their representative wells is the primary
control on the accuracy of the groundwater data. The distance from the four study sites
to their representative wells ranged from 13 m to 1,326 m with a median distance of
332 m (Figures [A. A2} Table [A.1)). We assumed that the shallow well measurements
represented groundwater trends in the uppermost aquifer, where groundwater can be
accessed by phreatophytes, so we used groundwater elevation data directly from the well
measurements. We subtracted the groundwater elevation data from surface elevation
data extracted from a U.S. Geological Survey digital elevation model. This enabled us
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to calculate the mean DTG for each study site and each year. The second protocol
was used for two sites (Fillmore Ciénega and East Grove) that did not have a complete
time series of shallow groundwater data. For those sites, we compiled data from nearby
shallow wells that had limited measurements during and after the drought (Figures
; Table . We used the data to develop a composite time series of shallow DTG
measurements at each site. When multiple shallow wells were measured on the same
date, we calculated the mean DTG of all of the shallow well measurements for that date.
We then acquired data from nearby wells that had deep or unknown depths but had a
complete time series of measurements from 2011 to 2018. For Fillmore Ciénega, we used
data from two deep wells located immediately adjacent to each other, so we composited
their measurements using the method described above (i.e., the mean reading for each
date). For each shallow DTG measurement, we identified the deep DTG measurement
that was closest in time to the shallow DTG measurement date. We then developed linear
regression models to predict the shallow DTG measurements using the corresponding
deep DTG measurements at Fillmore Ciénega (R? = 0.96, p < 0.001, MAE = 0.28 m)
and East Grove (R? = 0.69, p < 0.001, MAE = 0.18 m). We then applied the models to
the complete time series of DTG measurements from the deeper wells. This produced a
temporally interpolated product of shallow DTG for each study site. The strong model
fits and the small absolute errors indicate that the resulting data are accurate and precise

estimates of the DTG at each study site.
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Sespe Confluence

A A Shallow Well
W Study Site

0 025 05 1 Kilometers Floodplain

Figure A.1: Location of well used to measure DTG at the Sespe Confluence site.
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Figure A.2: Location of wells used to measure DTG at the Hanson, Freeman Up-
stream, and Freeman Downstream sites.
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A Deep Well
A Shallow Well
W Study Site

0.25 0.5 1 Kilometers Floodplain

Figure A.3: Location of wells used to measure DTG at the Fillmore Ciénega site.

N

A

A
A Deep Well
A Shallow Well
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Figure A.4: Location of wells used to measure DTG at the East Grove site.
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A.2 Spectral mixture analysis model calibration

Spectral mixture analysis (SMA) decomposes measured spectra using reference spec-
tra of pure materials known as endmembers. SMA analyzes each measured spectrum as
a weighted linear combination of two or more endmembers. SMA determines the com-
bination of endmembers and weights that produces the smallest residual between the
modeled and measured spectra (Smith et al.; [1990; Roberts et al., 1998)). The weight
assigned to an endmember in the most parsimonious model is assumed to indicate the
fractional cover of that material in a pixel (Roberts et al., [1993).

Endmember spectra can be acquired at the leaf, branch, or canopy scale. Leaf and
branch spectra are measured in situ using a field spectrometer. Canopy spectra are
measured using airborne or satellite sensors (Roberts et al., 2004). Typically, dozens of
potential endmember spectra are acquired and the final set of endmembers is determined
using an endmember selection algorithm (Dennison and Roberts, 2003). Endmember
selection plays a crucial role in ensuring the accuracy of the modeled land cover fractions
(Roth et all 2012). We used a multi-stage endmember selection process to ensure that
the endmembers were both pure and representative of the study sites.

GV and NPV endmembers were selected from WestUSA, a reference spectral library
that was created in situ using a field spectrometer (Roberts et all 2004). Using in situ
spectra ensures that the endmembers are not contaminated by other land cover types.
Endmembers were selected using constrained reference endmember selection (CRES),
which determines the set of endmembers that minimize the residual between modeled
and reference land cover fractions (Roberts et al., [1993). Reference land cover fractions
were created for forty-nine 18 m by 18 m plots. The locations of the reference plots
were selected from hyperspectral imagery acquired over the study area by the Airborne

Visible/Infrared Imaging Spectrometer (AVIRIS)(Green et al., [1998)). The goal of the
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analysis was to select in situ spectra to serve as pure reference data for our study area,
so we identified 49 AVIRIS pixels (18 m spatial resolution) that appeared to exhibit pure
spectral responses and were representative of the GV (35 pixels) and NPV (14 pixels)
classes. The locations of the AVIRIS pixels were then ported to Google Earth, and
the reference fractions for each 18 m plot were manually estimated using high-resolution
aerial imagery. CRES was performed individually for each reference plot, and the selected
WestUSA endmembers were recorded. The two GV endmembers and the two NPV
endmembers that were selected most frequently were included in the final spectral library.
One additional NPV endmember was extracted directly from the Landsat imagery to
model a small stand of NPV that was not successfully modeled by the other endmembers.

The study area contains large areas of barren ground, so soil spectra were extracted
from imagery acquired by AVIRIS. AVIRIS was flown over the study area in April 2013,
May 2013, September 2013, June 2014, May 2015, and June 2016 as part of the HyspIRI
Airborne Campaign (Lee et al., 2015). Using soil spectra acquired over the study area
ensures that the endmembers are representative of local soil types. A total of 439 soil
spectra, 346 GV spectra, and 340 NPV spectra were extracted from the AVIRIS images,
stratified evenly across the image dates. Iterative endmember selection (IES) was used
to select soil endmembers from the AVIRIS spectra. IES is an automated endmember
selection algorithm that iteratively adds and removes endmembers from the spectral
library until the kappa statistic is maximized (Roth et al., 2012; Schaaf et al., 2011]).
Kappa is an omnibus statistic that considers all classes simultaneously, which is why we
also extracted GV and NPV spectra from the AVIRIS imagery. IES selected nine soil
endmembers, seven GV endmembers, and seven NPV endmembers. The soil endmembers
were included in the final spectral library. The GV and NPV endmembers from AVIRIS
were discarded because the WestUSA endmembers produced more stable model outputs

across different image dates.
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The final spectral library was convolved to the spectral resolutions of the Landsat
sensors, and it was used to unmix Landsat images acquired in June between 2011 and
2018. Data from June 2012 was excluded because of the scan line corrector failure on
Landsat 7 (Markham et al. [2004). The Landsat images were unmixed using multiple
endmember SMA (MESMA), a variant of SMA that imposes several constraints to ensure
that the modeled fractions are physically reasonable and accurate (Roberts et al., |1998).
Endmember fractions were constrained between 0 and 1 (i.e., 0-100% cover), and the
maximum allowable root mean square error between modeled and measured spectra was
0.025. MESMA also adds a photometric shade endmember with zero reflectance to
the library before unmixing. The shade endmember helps normalize for illumination
variability across the image. The shade fractions were constrained between 0 and 0.8, but
the modeled shade fractions were proportionally reallocated to the other land cover classes
before further analysis. This is a standard process known as shade normalization (Smith
et al.,1990). Land cover fractions derived from MESMA have been validated extensively
in a variety of natural and urban ecosystems and were found to be highly accurate. The
validations for GV and NPV fractions typically produce R? values exceeding 0.8, a slope
near 1, and intercepts less than 5% (Smith et al.| [1990; Powell et al.; 2007; Roberts et al.)
2012; Wetherley et al., 2017). Almost all the pixels in the study area were successfully
modeled using MESMA, and cloud cover over the study area was minimal. Unmodeled
and clouded pixels were removed from the analyses. The final data set indicated GV,
NPV, and soil fractions for each pixel in each image. These data were used to monitor

changes in land cover throughout the time series.
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A.3 Statistical analysis

Mixed-effect logistic-binomial regression was used to model the relationship between
DTG and GV fractions and between DTG and NPV fractions. A logistic-binomial model
(Gelman and Hill, 2007)) was necessary because it is physically impossible to have land
cover fractions outside of the 0-1 range. Thus, a robust statistical model of land cover
fractions will never predict values outside of the 0-1 range and will naturally saturate at
0 and 1. Site was included as a random effect in the model to account for the effects of
climate and other localized drivers of vegetation cover that were not explicitly specified
in the model. In order to be compatible with the modeling software, the land cover
fractions were recoded as count data that recorded the proportion of the land cover type
in each pixel. The count data was scaled from 0 to 1,000. For example, a pixel with a GV
fraction of 0.6 was coded as 600 "successes” and 400 ”failures”. The regression models
were then developed using the glmer function in the lme4 package in R (Bates et al.|
2015; R Core Team, 2020). The resulting statistical models were highly significant (p <
0.001) and exhibited strong model fit. Pseudo-R? values between 0.2 and 0.4 indicate

“excellent fit” (McFadden| [1977)).

A.4 Results
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Table A.4: Median green vegetation fractions for each study site and each year.

Site Name 2011 2013 2014 2015 2016 2017 2018
Fillmore Ciénega 0.585 0.609 0.271 0.1 0.096 0.141 0.125
Sespe Confluence 0.574 0.552 0.357 0.142 0.152 0.223 0.238
East Grove 0.691 0.705 0.669 0.65 0.618 0.615 0.629
Hanson 0.727 0.671 0.708 0.647 0.602 0.623 0.646
Freeman Upstream 0.613 0.514 0.458 0.351 0.397 0.486 0.374
Freeman Downstream 0.512 0.513 0.511 0.442 0.472 0.48 0.474

Table A.5: Median non-photosynthetic vegetation fractions for each study site and each year.

Site Name 2011 2013 2014 2015 2016 2017 2018
Fillmore Ciénega 0 0.301 0.57 0.68 0.66 0.504 0.542
Sespe Confluence 0 0.378 0.53  0.643 0.645 0.526 0.476
East Grove 0.255 0.287 0.324 0.345 0.379 0.372 0.359
Hanson 0 0.329 0.284 0.353 0.356 0.364 0.342
Freeman Upstream 0 0.418 0.472 0.606 0.551 0.443 0.56
Freeman Downstream 0 0.356 0.306 0.406 0.4 0.32 035

Table A.6: Compact letter display indicating significant differences in median land
cover fractions by year for each study site. Like letters indicate that values do not differ
significantly by Kruskal-Wallis using a post-hoc Dunn’s test with a Holm adjustment
(a = 0.05). Each row was analyzed separately, and letters should not be compared

aCross rows.

Site Type 2011 2013 2014 2015 2016 2017 2018
Fillmore Ciénega GV a a b c c d d
Fillmore Ciénega NPV a b ¢ d d e f
Sespe Confluence GV a a b c c d d
Sespe Confluence NPV a b c d d ¢ c
East Grove GV a b C d e e e
East Grove NPV a b c d e e f
Hanson GV a be ab cd d d cd
Hanson NPV a be b d d ¢ bc
Freeman Upstream GV a b b c ¢ b c
Freeman Upstream NPV a b b c ¢ b c
Freeman Downstream GV a a a b ab ab ab
Freeman Downstream NPV a bc b C c b b
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Figure A.5: Dead riparian vegetation at the Fillmore Ciénega site. Photograph taken
in March 2017. Photo credit: Michael Singer.
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Figure A.6: Dead and surviving trees at the location where the brown wave ended.
The brown wave caused widespread mortality of native phreatophytes (foreground)
but stopped just upstream of the East Grove site (background). Photograph taken
in April 2017 near the northeast edge of the East Grove site, looking south. Photo
credit: Adam Lambert.

123



Chapter A

Freeman
Downstream

Freeman
Downstream

Freeman
Downstream

Freeman
Downstream

Freeman
Downstream

Hanson

Freeman
Upstream

[1250m

Freeman
Upstream

[1250m

Hanson

Freeman
Upstream

[1250m

Hanson

Freeman
Upstream

[1250m

Hanson

Freeman

Upstream

[1250m

1102

€102

7102

Sloc

9102

Figure A.7: Remote sensing model outputs of floodplain land cover in the Santa Paula
subbasin from 2011 to 2016. The study sites are outlined in white. The river flows

from right to left.
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Figure A.8: Riparian vegetation at the Sespe Confluence site. The invasive reed
Arundo donax (foreground) spread across the site after the widespread mortality of
native phreatophytes. Photograph taken in April 2021.
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Figure A.9: Dense and tall canopy of surviving riparian trees at the Freeman Down-
stream site. Photograph taken in April 2021.
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Supplementary Information for

Chapter 2

B.1 Equation derivation
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B.2 Comparison of kB! formulas

The rg term is the sum of the resistance to momentum transfer (r4,,) and the excess
resistance (7).

TH = Tam + Tbh (B.10)

The 7,4, term can be estimated as a function of the wind speed (u) and friction velocity

().

Fam = % (B.11)

The 3, can be estimated as a function of the empirical parameter kB,

1
kB! (B.12)

Tbh =

Various empirical formulas for kB~! have been proposed. We tested 12 formulas sum-

marized by Verhoef et al.| (1997) and Hong et al.| (2012).
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B.2.1 Reynold’s number

Many of the empirical formulas for kB~! require an estimate of the Reynold’s number
(Re*), which is a function of w,, the roughness length for momentum (zy,,), and the
kinematic viscosity of air (v).

o UxZ0m,

Re* = 221 B.13
e == (B.13)

The zo,, term is a function of the zero-plane displacement height (d), u., and u at height
z.

P el (B.14)

exp <—”Z(z)>
The d term was estimated using wind profile data from the flux towers. We optimized

Equation to find the single value of d that minimized the residual between the left

and right sides of the equation (Young et al., 2021)).

rlm =) o <Zl - d> (B.15)

Uy 29— d
The optimization for d was calculated independently for each site and month in the data

set to account for temporal variability in vegetation structure that may affect rg.

B.2.2 Model selection

The 12 formulas for kB~ were forced with the flux tower measurements from the
riparian woodland and upland savanna. The kB~ values were used to produce empirical
estimates of ry. The estimates of ry were compared to the “true” values of rg, which

were calculated directly from 7, and 7, measurements by inverting Equation (Verhoef:
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ot L] [1097%: Figure [57)

_ pep(Ty — To)

- (B.16)

TH

The median absolute error was used to compare the modeled and observed values of ry
and select the formula for kB~! that produced the most accurate estimates of rg (Table

B.1). The formula proposed by (1972)) was selected. It yielded strong model fit

for both the riparian woodland and upland savanna.
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B.3 Derivation of coefficients for Equation [2.21

o (SW = SWt+ e, LW| — e,0T4,, — G)ry
c,ne a pcp
T (SW{ = SWt+ e, LW{ = epoTd,, — G)rn .

PCp

0= Tupc, + (SWL — SWH + e LW| — e oT

c,ne

— G)ryg — Tenepcy

0="Tupc, + (SWL—SWt e, LW| —G)ry — eroT? ry— Tt nepCp

c,ne

0="T2 (—c107) + Tune(—pcy) + Tupcy+

c,ne

(SW{ —=SWt+e LW —G)ry

0 — T4 —E&L0TH

c,ne

T, 4T+ (SW — SWt+e LW| — G)ry

PCp PCp
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Figure B.1: Boxplots of monthly total precipitation (mm) in the riparian woodland
(a) and upland savanna (b). Outliers are not shown.

Riparian Woodland Upland Savanna
A B
121 1
101 1
8 4 4
6 4 4
T
5 6 7 8 9 5 6 7 8 9
Month Month

Figure B.2: Boxplots of soil volumetric water content (%) in the riparian woodland
(a) and upland savanna (b). Data are measured at depths of 22.5 ¢cm and 20 cm,
respectively. Outliers are not shown.
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Riparian Woodland Upland Savanna
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Figure B.3: Diurnal and seasonal climatology of latent heat flux (AF) in the riparian

woodland (a) and upland savanna (b). The colored lines represent the mean values
for each time of day, grouped by month of the growing season.

Riparian Woodland Upland Savanna
A 150
800 -
'€ 600 - 100
=3
U 400 1
" 50
T 200 A
0+t . - 0
0 200 400 600 0 200 400 600
R -G (Wm ) R -G (Wm )

Figure B.4: Comparison of measured H + AE and R,, — G in the riparian woodland
(a) and the upland savanna (b). Some outliers are outside of the plotted range. The
color scale saturates when there are more than 150 observations in a given portion of
the feature space.
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T, Prediction Error (°C)
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Figure B.5: Comparison of the energy balance closure ratio (C') and the prediction
error for T, in the riparian woodland (a) and the upland savanna (b). Some outliers
are outside of the plotted range. The color scale saturates when there are more then
50 observations in a given portion of the feature space.
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Figure B.6: Diurnal and seasonal climatology of fr (a,b), rg (c,d), and @Q, (e,f) in
the riparian woodland (a,c,e) and upland savanna (b,d,f). The colored lines represent
the mean values for each time of day, grouped by month of the growing season.
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Figure B.7: Values of ry that were calculated directly from T, and T, measurements
using Equation [B.16]
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