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Abstract

Microclimates mediate water fluxes from vegetation

by

Teresa Eren Bilir

Doctor of Philosophy in Environmental Science, Policy, and Management

University of California, Berkeley

Professor Inez Fung, Chair

Earth is the blue planet, unique in our solar system for its ability to sustain a
water cycle that spans three phases: solid (ice), liquid (water), and gas (water
vapor). The global cycling of water between the earth’s land surface, subsur-
face, cryosphere, oceans, and atmosphere is fundamental to earth’s radiative
balance and energy transport, and sustaining life in every ecosystem. The
global water cycle is also a driver of feedbacks between the land surface and
the atmosphere over a range of scales, from minute exchanges through stom-
ata on leaves to eco-climate teleconnections wherein continental-scale changes
in vegetation cover could alter climate and ecosystem dynamics in a different
hemisphere.

At fine spatial scales, microclimatic variation influences the strength and type
of these feedbacks, and plays a role in determining patterns of vegetation vul-
nerability. Microclimates arise in hilly terrains from the midlatitudes to the
poles due to differences in solar gain on opposing slopes. This leads to dif-
ferences in the daily timing, duration, and intensity of sunlight exposure, and
variable associations between sunlight and other climatic variables such as air
temperature and humidity. These slope-aspect-induced climate differences are
ecologically important, and impact vegetation-mediated water balance between
the earth surface and the atmosphere.
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This thesis investigates climate–vegetation feedbacks arising from the impact
of microclimate variation on water fluxes from forest vegetation. The primary
investigation approach was a field study based at the University of California’s
Angelo Coast Range Reserve in Northern California. There, I installed sensors
to collect continuous high-resolution (∼ 5 minutes) data in a study of water
flux differences in Pacific madrone (Arbutus menziesii) and Douglas fir (Pseu-
dotsuga menziesii) across a slope-induced microclimatic gradient from spring
2018 to fall 2020. The field site has a Mediterranean climate with wet winters
and dry summers.

Chapters 2, 3, 4, and 5 present our instrumentation and field installation, our
data on sap velocity from 14 Pacific madrone and 6 Douglas fir trees spanning
adjacent north and south slopes at the Reserve, as well as our analysis of sap
velocity variations in the context of high-resolution in situ observations of air
temperature, relative humidity, soil moisture, and insolation. The environmen-
tal observations highlight climatic gradients on small scales, showing neighbor-
ing wet and dry zones in the soil, and seasonally evolving sub-canopy gradients
in air temperature and humidity (chapter 2). A cross-species comparison of
transpiration between Pacific madrone and Douglas fir trees demonstrates the
impact of being tall: despite operating with slower peak sap velocities over the
dry season, Douglas firs consistently transpired as much or more than their
Pacific madrone neighbors, thanks to a longer exposure to sunlight granted by
their height (chapter 3). A cross-slope comparison of transpiration in a single
species (Pacific madrone) yielded a surprise: integrated summer transpiration
is higher on the drier south slope than the north slope, which has abundant
rock moisture but less sunlight (chapter 4). Analysis of the Pacific madrone
sap flow data from both slopes in an environmental response model empha-
sizes the difference between tree populations on each slope in their aggregate
physiological responses to specific aspects of their environments (chapter 5).

Analysis of my field data suggests that the tree populations on each slope ac-
climate to their respective microclimates in functionally relevant ways. In par-
ticular, we hypothesize that south slope trees use water more sparingly under
water-limited conditions, and yet still transpire more water over their longer
and sunnier days. We speculate that differing proportions of sun-adapted and
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shade-adapted leaves, differences in stomatal regulation, and cross-slope root-
zone moisture differences could explain some of the observed and modeled
differences. Yet, the analysis of chapter 5 does not identify mechanisms of
acclimation with the observations available. To explore these and other hy-
potheses, in the final chapter we turn to the rich parameter space of a model
with high process resolution, CLM-FATES, a component of an Earth System
Model (6). Though this aspect of the work is ongoing, we demonstrate that, in
a model forest of broadleaf evergreen trees, differences in light availability alone
are not sufficient to explain the cross-slope transpiration differences observed
in the field. We also show that, because different stand structures have differ-
ent physical properties, substantive plasticity in light- and water-use efficiency
can evolve even while holding plant functional traits constant.

This thesis advances our understanding of how water cycling by trees varies
with local environment and climate. It contributes to improved representation
of the complex Earth system in climate models by adding to current under-
standing of the processes that affect the cycling of water. The results open
new research avenues in representing vegetation function in land surface mod-
els, especially in rough, hilly or mountainous terrains which are characterized
by a mosaic of highly variable microclimates. This representation will, in turn,
be a useful tool to anticipate tree mortality, species shifts, or even extinctions,
and to guide climate mitigation strategies involving ecosystems.
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I dedicate this thesis to the memory of my mother, Patricia (1949–2015), my
first mentor in scientific inquiry and persistence, who would have enjoyed
hearing about trees; and to my two new little scientists, exemplars of

curiosity.
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Chapter 1

Introduction

1.1 Overview
The breathing of the terrestrial biosphere governs the exchange of 50% of
global carbon fluxes between the earth’s surface and the atmosphere [31], and
up to 60% of water fluxes between the land and the atmosphere [80]. Many
devastating impacts of climate change, including extreme heat, drought, and
systemic ecological change or collapse, are thus inextricably connected to the
responses of terrestrial vegetation to their changing environments — and in
particular, to the sensitivities and responses of forest ecosystems. Anticipating
these impacts hinges on understanding processes on the scale that governs the
life and death of individual trees.

Using observations of water use in individual trees in a detailed ecological
context, this thesis explores the sensitivity of tree water use to variable climatic
conditions. The major finding is that topographically mediated microclimates
generated by solar radiation differences lead to a detectable degree of biolog-
ical acclimation in tree water use, even within a single species. This thesis
also contributes findings related to species differences in water flux seasonality
and quantity, and makes methodological contributions in instrument deploy-
ment and data analysis. It concludes with a description of ongoing work that
aims to connect the observed biological acclimation in individual trees with
representations of vegetation in a detailed ecosystem demography model.

This thesis is organized into six chapters: 1) An introduction; 2) A de-
scription of instruments, installation procedures and experiment design for an
observational campaign at the Angelo Coast Range Reserve; 3) Exploratory
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data analyses; 4) Analysis of the resulting field data centered on characterizing
water fluxes; 5) Analysis of the resulting field data centered on characteriz-
ing biological acclimation to microclimates; and 6) A description of follow-up
experiments in a state-of-the-art vegetation demography module of an Earth
System Model.

1.2 Forest water fluxes

1.2.1 Forests water fluxes: the dial on a regional
thermostat

The water cycle is a key point of connection between forests and local cli-
mate. Recent work at a research site in the Mediterranean climate of Northern
California Coast Range has shown that the seasonality of transpiration varies
markedly by species in a mixed broadleaf/needleleaf evergreen forest, with Dou-
glas fir trees (Pseudotsuga menziesii) having maximal transpiration in the wet
season (winter-spring), and Pacific madrone trees (Arbutus menziesii) having
maximal transpiration in the dry season (summer-early fall) [55]. This suggests
that the timing and amount of water flux from the land to the atmosphere is
sensitive to shifts in species composition within forests.

Because the Mediterranean atmosphere of this region in northern Califor-
nia is dry over the summertime, changing the seasonality of vegetation water
fluxes changes summertime humidity in the atmosphere, and hence surface
temperatures. Thus, the species composition of this forest determines when
the surrounding region experiences a cooling ‘air conditioning’ effect via veg-
etation water fluxes into a dry atmosphere, which in turn change the regional
balance of latent and sensible heat. Shifts in species, and thus the seasonality of
peak ‘air conditioning’, determines whether extremes of high temperature and
low humidity may be ameliorated or exacerbated relative to historical norms.
An analysis using the Weather Research and Forecasting model found that the
potential impact could be as large as 2.5°C in the hottest months of the year,
based on the magnitude of this observed transpiration timing offset [56]. This
is an impact on par with the expected magnitude of average regional warming
stemming from global anthropogenic climate change [77].
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1.2.2 Forest water flux interactions with climate change

In combination with other human pressures on forests, anthropogenic climate
change is altering the physical climates hosting forest ecosystems globally at
a rate which is unprecedented. This is impacting the extent, species com-
position, and structures of these ecosystems [67]. Because forests themselves
interact with climate physically and biogeochemically [20, 73], changes in forest
ecosystems also influence local and regional climates, affecting living conditions
for vast numbers of people. Understanding the capacity of trees to acclimate
to different climates, and hence anticipating how forest ecosystems will func-
tion under a changing climate, will enable decision-makers to make informed
investments in future resilience.

The term ‘acclimation’ is used throughout this thesis to denote slow veg-
etation responses that have the potential to change the parameters of plant
functional processes that act on faster time scales. Multiple changes to vegeta-
tion function are expected in the future, although the mechanisms and degrees
of change are still under investigation. Still, there is evidence that changes
in forests on long time scales in response to changes in physical climate will
be substantive. Short-term vegetation responses to individual physical climate
changes are well-studied, while longer-term responses, and interactions among
responses, are uncertain. In all cases, the vegetation responses anticipated
have direct bearing on vegetation water fluxes. For example, some areas of
anticipated physical changes and vegetation responses are outlined below:

CO2: Atmospheric CO2 concentrations are rising globally [46, 37]. Changes
to stomatal regulation are observed in the presence of elevated CO2 levels (a
phenomenon termed ‘CO2 fertilization’), leading to an increase in water-use
efficiency (WUE) [18]. Changes to trace nutrient (e.g., nitrogen or phosphorus)
use and allocation in plant tissues have also been noted [1], as well as increases
in overall carbon fixation (i.e., increasing plant growth). Trace nutrient use
has downstream bearing on WUE as well [29]. In aggregate, these responses
to CO2 fertilization show competing impacts: Increases in WUE may decrease
amount of water transpired, while increases in plant biomass may increase
amount of water transpired by increasing the amount of transpiring leaf surface.
How these and other factors will balance over longer timescales in a variety of
regional contexts is unknown [54, 18].
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Temperature: Temperatures are rising globally [25]. The diverse physi-
ology of plants allows for a range of temperature tolerance, leading to variable
impacts depending on species [48]. For plants that are pushed into or out of
their optimal temperature ranges, ratios of photosynthesis to respiration will
change, changing WUE as well.

Water: Depending on the region, changes in water availability may include
trending wetter or dryer, alongside more- or less-extreme seasonal differences
or year-to-year variability [23]. Studies anticipating the degree to which plants
will alter their water use in response to perturbations have largely focused
on drought responses and mortality thresholds (e.g., [61]), and show differing
responses by species.

Trace nutrients: Global climate changes also impact the biogeochemical
cycling of trace nutrients, alongside major impacts to nutrient cycles arising
from anthropogenic activity that are regionally specific (e.g., excess meteoric
nitrogen deposition from urban smog) [18]. The impact of changes in nutri-
ents depends on the starting point of nutrient limitations in the ecosystem. In
general terms, overlooking any accompanying negative impacts of the change
(e.g., following from the prior example, acid rain damage to foliage), relax-
ing nutrient limitations enhances WUE by allowing more flexible biochemical
optimizations of leaf enzyme levels (e.g., [16]).

Light: Possible changes to the light environment experienced by forested
ecosystems come indirectly through ecosystem changes. For instance, antici-
pated reductions in biodiversity are expected to substantively change the verti-
cal structure of forest canopies, with concomitant changes to light environments
within the canopies [59]. CO2 fertilization may increase leaf area in some forest
ecosystems [54], which would also impact vertical light gradients. Poleward or
upslope shifts by species seeking cooler environments to avoiding temperature
stress (e.g., [71]) will also come with changes in light environment caused by dif-
ferences in geometric orientation to the sun between old and new growth sites.
Vegetation acclimation to changes in light environment has been observed on
multiple time scales, from biochemical changes in leaf enzymes [58] to changes
in overall growth habit [84, 47]. All of these changes are relevant to water use
amount and WUE. Short-term changes in stomatal regulation (minutes) are
modulated over time by changes in enzymes that set the photosynethetic rate
(weeks), while longer-term changes in the canopy quantity and distribution of
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stomata due to changes in sun- and shade-leaf growth (months to seasons),
or changes in the length or resistance of hydraulic pathways between soil and
atmosphere caused by changes in crown geometry and branching architecture
(years), can directly impact the water economy of the plant.

The fact that both fast and slow vegetation responses to these physical
changes will impact WUE is key. Accurate representations of ecosystem-scale
WUE are necessary for forecasting the impacts of climate change: a recent
analysis identified water-use strategy and efficiency, ecosystem productivity,
and carbon-use efficiency as three “major axes” of ecosystem function which
together capture the range of ecosystem responses to change [65]. Hence, a
large degree of changes to ecosystems or land-surface fluxes may exist within
the uncertain impacts of long-term plant acclimation.

1.3 Research Contributions
This thesis centers on the challenge of characterizing the degrees and types of
vegetation acclimation to inhabited microclimate. We undertook a multi-part
investigation that yielded new data and several scientific findings.

1.3.1 New data

The field data were collected at the Angelo Coast Range Reserve as part of the
NSF’s Eel River Critical Zone Observatory project. A novel feature of this data
set is the long duration and high frequency of observations and the large number
of trees under observation, which is unusual for a sap flow study. All unpro-
cessed data are available at an online repository (https://dendra.science/). A
portion of the data, alongside original scripts for processing and analysis, are
also published [7].

1.3.2 Scientific findings

Analysis of the field data led to several major findings:
1) In chapter 4, we show that sap flow measured in Pacific madrone (Ar-

butus menziesii) on two opposing hill slopes with distinct solar environments
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document substantive differences in water flux, and that trees on the drier
south slope have higher transpiration integrated over the summer.

2) In chapter 5, we show that analysis of these differences with an envi-
ronmental response model shows evidence for functional acclimation of Pacific
madrones to variable climate. The trees on the different slopes have different
sensitivities to insolation, soil moisture, and vapor pressure deficit (VPD).

The data additionally confirm several previously-documented findings:
3) In chapter 3, we show that not all evergreen tree species have the same

transpiration seasonality: there is an offset of several months in the respective
timings of peak sap velocities in Pacific madrone and Douglas fir (Pseudotsuga
menziesii), as first documented by [56].

4) In chapter 5, we show the hysteresis in relationships between sunlight,
VPD, and sap velocity, as previously discussed and documented in [32] and
[94].

Our data also showed several features that may be more unique to our
site, but are suggestive that similar degrees and scales of variation could exist
elsewhere:

5) In chapter 2, we show that sap velocity is non-uniform circumferentially
around a tree. This was separately documented in Pacific madrone, Douglas
fir, and coast live oak (Quercus agrifolia) trees. This has implications for how
sap velocity data are interpreted.

6) In chapter 2, we show that Pacific madrone rooting networks do not have
the capability of hydraulic redistribution at our observation site, while nearby
Douglas fir rooting networks do. Hence, synergy may be present where Pacific
madrones and Douglas firs co-exist. In at least one location near a Douglas fir,
we observed overnight moisture recharge in shallow soil layers, but have not
definitively connected this to sap flows in the Douglas fir roots.

7) In chapter 2, we show that shallow (upper 30 cm) soil moisture varies
substantially at a 10 m lateral length scale at this site, while in chapter 3,
we show that this variation does not correlate with vegetation distribution or
function.

8) In chapter 2, we show that sub-canopy gradients in air temperature and
humidity both evolve seasonally due to changing soil temperatures and mois-
ture content, and also react strongly to transient patches of sunlight filtering
through the canopy to reach the forest floor.
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Chapter 2

Instrumentation, field design, and data
processing

2.1 Introduction
My dissertation is focused on variation in sap velocity in different environments.
The research was carried out in two phases, as major equipment failed one
month after the initial installation. The prohibitive cost to replace the initial
type of sap velocity sensor necessitated the purchase of a new type of sap
velocity sensor from a different manufacturer, as well as a re-design of the field
deployment.

This chapter introduces field design and instruments used in this disserta-
tion work, the research goals and field deployment for each phase, data pro-
cessing, and preliminary data analyses.

2.2 Instrumentation
This section covers the theory and use of all sensors deployed in this research.
We begin by describing two types of sap velocity sensor, including a description
of a pilot installation at the University of California Botanical Garden. We
conclude by describing the environmental sensors deployed in this research to
measure soil moisture, air temperature, and humidity.
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2.2.1 Sap velocity measurement theory

Sap velocity, defined as the speed of water moving through the xylem tissues
of a plant, can be measured by inducing a heat signal in the stem, measuring
changes in the heat signal over time, and analytically backing out a heat ad-
vection term attributable to the movement of sap. Sensors consist of a heat
source and a temperature monitoring instrument, typically thermocouples. In
woody, thick-stemmed plants such as trees, both the heater and temperature
monitoring elements of the sensors are inserted into the stem tissue at a depth
sufficient to reach past the bark, phloem, and cambium into the xylem, through
a combination of carving and drilling.

2.2.1.1 HRM sensors

Heat Ratio Method (HRM) sensors consist of three parallel probes: a heating
element in the center, flanked by thermocouples upstream (below) and down-
stream (above) from the heating element. Figure 2.1 shows the orientation of
the probes in an idealized setting.

Figure 2.1: A schematic of a heat ratio method sap flow sensor, showing the
relative positions of the probes, reproduced from the manual [43].

As derived in [60], the logarithm of the ratio of the temperatures reported
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by the upper and lower probes (v1, v2) is used to track the sap velocity (V ),
scaled by the ratio of the distance between the heating element and flanking
probes (x) and the thermal diffusivity of the living wood (k):

V =
k

x
× ln

(
v1

v2

)
(2.1)

This method of measuring sap velocity requires the assumption that the
upper and lower thermocouples are equidistant from the heater, and that ther-
mal properties of the living wood are symmetrical above and below the heater.
When these are met, this measurement method has several advantages. Firstly,
zero flow conditions are directly measured, rather than computed. Secondly,
reverse flow rates can be measured. Thirdly, the thermal properties of wood,
which can be a source of uncertainty in situ, impact the scale of flow but not
the ordinal signal, and most importantly, not the measurement of zero flow
conditions [17].

2.2.1.2 TDP sensors

Thermal Diffusivity Probe (TDP) sensors operate on principles similar to HRM
sensors: thermocouples monitor changes in an induced heat signal in the plant
stem, and back out the sap advection term. Unlike in the HRM, raw data from
TDP sensors are reported in the form of temperature differences (dT) between
a thermocouple on an upper, heated probe and a lower, unheated probe (see
figure 2.2).

At zero flow, the temperature difference between the upper and lower probes
is maximized. As flow increases from zero, sap moving across the upper heated
probe advects heat away, reducing the temperature difference. Sap velocity u
is an exponential function of temperature differences relative to the maximum
observed difference:

u = aKb, (2.2)

where
K =

(dTMax − dT)

dT
(2.3)
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Figure 2.2: A schematic of a 100 mm thermal dissipation probe sap flow
sensor, showing the relative positions of the heated and unheated probes, and
multiple sensing junctions with depth. Reproduced from the manual [42].

This method requires that the heat field around the heated probe be care-
fully controlled. Empirical parameters a and b, derived and presented in [34],
are suitable for a heat field around the top probe sufficient to create dTMax val-
ues of approximately 10°C, and the two needles need to be spaced far enough
to avoid heat from the heated probe reaching the unheated probe.

2.2.1.3 Challenges and comparison of methodologies

Challenges of working with HRM sensors stem from meeting the physical as-
sumptions of symmetric installation. Installing HRM probes symmetrically
around the central heater requires three parallel conduits to be drilled into
living wood tissue prior to insertion, which is both difficult to achieve and to
immediately verify after drilling. Another geometric hurdle arises from the fact
that xylem conduits themselves are rarely precisely parallel to the direction of
growth (for example, see figure 2.3). Aligning the probes with the xylem tissue
is necessary in order to accurately capture flow rates, but the wood grain is
not always visible. For this reason, some varieties of HRM sensors include the
use of lateral probes to the left and right of the heater to derive an angle of
flow, but then must further contend with the complication that xylem tissue
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does not diffuse heat isotropically, due to the bunched-straw-like geometry of
the wood–water matrix. Before the installation, I carried out several tests to
understand some of these challenges.

Figure 2.3: An HRM sensor was installed into a coast live oak tree (Quercus
agrifolia) at the University of California’s Botanical Garden. The thin grey
bark sits atop a thick (∼2cm) red layer of phloem (sugar transporting tissues)
and cambium (wood growing layer). The lacy tissue beneath the sensor is the
last layer of soft tissue before striking hard xylem (a small patch of which is
visible below the bottom probe). This layer is preserved to limit evaporative
water loss from the installation, and also to guide the probe alignment. It
shows a clear diagonal growth orientation, with which the probe set is aligned.

My tests with a plank of milled wood revealed that, while using a power
drill to make three holes each 3 cm deep, best efforts to maintain a precise
6 mm spacing between the three holes led to errors of 1-2 mm, even when
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using the standard drill guide. Better results were achieved using a slow hand-
powered drill, with spacing accurate within 0.5 mm. Near-perfect results were
achieved without using the drill guide, but instead with a second pair of eyes
verifying that that the slow hand-powered drill was going in straight from
another angle. In this configuration the drill guide presented a barrier to seeing
the exact angle of the drill bit where it met the wood, so was not used. We
found these methodological improvements necessary for good-quality field data
with HRM sensors, but note from experience that slowly hand-drilling under
multiple viewing angles may be challenging under field conditions, especially
where uneven or poor footing exists around trees growing on steep slopes.

Differences in geometry give each type of sensor a unique set of strengths
and weaknesses. While HRM sensors are highly sensitive to parallel installation
paths for the three sensor prongs, TDP sensors are not. In exchange for this
added convenience at the installation step, users lose the ability to monitor
reverse flows. TDP users also contend with empirically determining zero-flow
conditions, which can vary seasonally based on fluctuating wood water content.
Quantitatively robust data from TDP sensors requires site-specific judgements
about atmospheric variability to determine zeroing window length. In contrast,
HRM sensors directly sense zero-flow conditions.

There are several other notable differences between the sensing platforms.
While HRM sensors typically use a transient pulse of heat to initiate measure-
ment, TDP sensors are typically continuously heated. This leads to greater
power demands for the same size of installation. Additionally, TDP sensors
must maintain a precise operating voltage to "tune" the heat field generated,
to enable the use of Granier’s empirically derived parameters for converting to
sap velocity. These aspects pose challenges both to installation logistics and
to data quality assurance. Lastly, at the time of this research, TDP probes
were substantially more affordable, and hence maximized the number of trees
we could place under observation.

2.2.2 HRM pilot installation

Data from a pilot installation of 35 mm HRM sensors (ICT International
HRM30) in coast live oak trees (Quercus agrifolia) display several common



2.2. INSTRUMENTATION 13

errors in HRM sensor data, and also demonstrate that sap velocity is not uni-
form circumferentially around a tree.

Data from some of the installation sites showed consistent offsets between
zero and the daily minima, which are expected to be zero or near-zero. Figure
2.4 shows an example of data from three adjacent installation sites on the same
tree. In site 1 (figure 2.4 panel a), the data minima are offset from zero in both
data streams, but to a greater extent in the deeper site. This is characteristic
of asymmetrically crooked sensor prongs, leading to increasing asymmetry with
depth. In site 2 (figure 2.4 panel b), the data minima are also offset from zero,
but to a similar extent in both data streams. This is typical of conduits that
are parallel but subtend asymmetrical tree tissues. This could arise either due
to a spacing error, or potentially due to differences in thermal properties of the
wood above and below the heater. No geometric errors were obvious during
the installation process. Instead, examination of the data for several days after
installation can verify installation quality.

The data also show variation in sap velocity magnitude between sites on
the same tree. Both sites 1 and 2 (figure 2.4 panels a and b) show sap veloc-
ities peaking roughly 3-5 cm/hr above minimum flow (presumed to represent
zero flow after accounting for geometric errors). In contrast, site 3 (figure 2.4
panel c) shows peak sap velocities 4-5 times greater (17-20 cm/hr) than those
observed at sites 1 and 2. Because there is no way to calibrate sensors prior to
installation, we verified the differences in magnitude by swapping new sensors
into the three installation sites. As shown in the bottom three panels (h-j) of
figure 2.4, we were able to reproduce the pattern of different magnitudes with
a different set of sensors, demonstrating that this is due to circumferential
variation in sap velocity around the tree.

These non-zero minima could also be showing that the tree maintains
overnight flows, with interior tissues at site 1 flowing faster. Choosing between
interpretations of non-zero minima as either indicating a real positive flow or a
spacing error requires some detective work. We reached our conclusions based
on several clues. Firstly, tree physiological function allows the assumption that
under low or zero atmospheric water vapor pressure deficit (VPD), trees have
no sap flow. Given the weather conditions during the study, we found this line
of reasoning sufficient to discard the possibility that the elevated minima were
representing real non-zero overnight flow rates. Secondly, the offset minima are
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Figure 2.4: Three HRM sensors were installed into a coast live oak tree (Quer-
cus agrifolia) at the University of California’s Botanical Garden during Sum-
mer 2016. The sensors collect data from two depths (tree radii) simultaneously.
The blue line shows data collected at 12.5 mm depth, while the green line shows
data from 27.5 mm depth. The top panels a-c show data reported over 24 days,
while the middle panels show the physical installation sites in relation to one
another. The bottom panels show 7 days of data from the same installation
sites collected with a different set of sensors.

constant over time, which, even in the hypothetical absence of weather data,
would suggest that the trees are not responding to high overnight VPD, which
would be a more temporary weather phenomenon if it occurred. Thirdly, an-
other line of evidence we considered was the fact that site 3 (figure 2.4 panel
c) reaches zero flow at night as expected. These observations are consistent
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with the fact that HRM-based measurements at zero flow conditions are only
impaired by a violation of the assumption of symmetry, either in probe spacing
or in wood thermal properties, above and below the heater.

2.2.3 Environmental sensors

To provide the environmental context for understanding the sap velocity data
resulting from our Phase 1 deployment of HRM sensors, as indicated in 2.3,
we deployed additional sensors to measure soil moisture, air temperature and
humidity on the south slope. These variables were already under observation
on the more heavily-instrumented north slope (see site description in section
2.3).

Air temperature and humidity were sensed jointly on a single instrument
(Cambpell Scientific CS215). These sensors are straightforward to install and
we encountered no complications in the resulting data.

Our soil moisture data were generated by Water Content Reflectometers
(WCR, Campbell Scientific CS650), which operate on the principle of Time
Domain Reflectometry (TDR). Sensors consist of two long (30 cm) parallel
prongs that measure changes in the dielectric permittivity (Ka) of the soil
medium between the prongs. Soil permittivity relates to volumetric water
content (θv) through an empirical relationship derived in [85]:

θv = −5.3 × 10−2 + 2.92 × 10−2Ka − 5.5 × 10−4K2
a + 4.3 × 10−6K3

a . (2.4)

The dielectric permittivity of soils (Ka) also varies with soil texture and
salt content. Though this degree of variation is relatively small compared to
that arising from different water contents, it may still introduce systematic dif-
ferences in TDR measurements arising from different soil mediums. Therefore,
in order to confirm the inter-comparability of data from different locations, we
undertook soil analyses to determine that, though soil texture changed with
depth, there was no significant lateral variation in soil texture found in soils
harvested from 30 cm depth around our field site. Because there were also no
variations in the underlying rock material from which soils were derived, we
presumed that there was no substantial variation in soil salt content around the
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site without explicitly testing this. Due to soil texture variation with depth,
we avoided comparing soil moisture magnitudes from measurements arising at
different depths.

2.2.4 Concluding remarks

HRM and TDP sensors both sense sap flow along similar physical principles,
but nevertheless have trade-offs that give them distinct advantages in differ-
ent research settings. Our pilot installation confirmed that HRM sensors are
highly sensitive to installation geometry, and further emphasized the degree to
which installation errors may be undetectable at the time of installation. This
renders accurate HRM data dependent on exacting installation practices. We
improved on recommendations for best installation practices by outlining new
drilling procedures involving a slower, hand-powered drill and establishment
of multiple lines of sight. Our pilot installation also showed variation in sap
velocity circumferentially, meaning that a single sensor will not reliably char-
acterize the average rate of sap velocity within a tree. These findings informed
our installation design and protocol in Section 2.3.1.1.

2.3 Research aims and Field Installation
Considerations

‘Rivendell’ is a steep, forested, north-facing slope at the University of Califor-
nia’s Angelo Coast Range Reserve (39.729N, -123.644W). During the campaign
of the Keck Hydrowatch project (2006-2011), it was heavily instrumented.
Over a 8000m2 area, slightly larger than a standard soccer field, over 1000
instruments– weather stations, wells, soil moisture probes, sap velocity sensors,
streamflow gauging stations, hanging arrays of temperature and humidity sen-
sors, and a deep (25m) lateral rock moisture sampling apparatus– shed light
on the path of water through this ecosystem.

Here, researchers found vegetation deriving nearly 30% of their water from
‘rock moisture’ from a fractured layer of weathered bedrock beneath the thin
soil layer [74]. This helped to explain the water economics of trees that ap-
peared, based on observations of sap velocity, to transpire maximally in the
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dry summer, up to 3 months after the last rains of the spring [55, 56]. The
sap velocity observations also demonstrated that functional differences in the
seasonality of tree water use exist between evergreen tree species, even among
those traditionally presumed to share functional characteristics (e.g., differ-
ent species that are both extra-tropical broadleaf evergreen trees). This result
showed that the annual distribution of land-to-atmosphere water flux has a
species-dependent component.

However, observations stemming from a single north-facing hillslope left
uncertainty about the generalizable extent of these results, both across topog-
raphy and within a species. In 2013, the Rivendell site began hosting the Eel
River Critical Zone Observatory, which funded an expansion of instruments
to the neighboring south-facing slope. Our research questions ask: "What
degree of differential hydraulic function is observable between trees growing
in different microclimates? How much of this can be attributed to long-term
acclimation to different growing climates?" To investigate whether the rules
governing hydraulic function in trees looked similar across the landscape, or
whether acclimation to local microclimates plays a substantive role in deter-
mining tree water use timing and amount, we used the fact that the adjacent
south-facing hillslope experienced a significantly hotter and drier climate.

Our first deployment of sap flow sensors (Phase 1) used HRM sensors to
match the type of sensor used previously by [55]. This HRM sensor deployment
also shaped our deployment of environmental sensors, which fit around the
Phase 1 instrumented trees. Our second deployment of sap flow sensors (Phase
2) moved to a new type of sap flow sensor, TDP sensors. Differences in the
sap velocity sensing platform and also the number of sensors available drove
the evolution of research aims.

2.3.1 Phase 1

We aimed to directly measure of how much influence a moderate (roughly
2°C) climate difference had on a particular species’ water use patterns and
quantities, in order to understand how vegetation responses to long-standing
climate differences feed back into regional climate via the water cycle.
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2.3.1.1 Phase 1: HRM sap flow on Rivendell’s south-facing slope

Sap flow observation plans were formulated with the aim of comparing within-
species water use on opposing slopes. Because few HRM sensors were available,
new observations were taken only on the south-facing slope. The intention was
to use a predictive sap velocity model developed for this site to predict sap
velocities in a single species from ambient environmental conditions, a rela-
tionship which is implicitly based on north-slope tree function for this species,
and then analyze how the south-slope observations in this species differed from
these predictions. We chose to focus on Pacific madrone (Arbutus menziesii),
because these trees reach peak transpiration latest in the dry season, as much
as three months after the last rains. This was an appealing feature under a hy-
pothesis that a late transpiration peak implies richer access to water resources
during the dry season than neighboring tree species, enabling more sensitivity
to above ground temperature and humidity gradients between slopes.

11 HRM sensors were available. Eight madrone trees over a small, 35 x
25 m footprint were selected for instrumentation with a single HRM sensor
each. HRM sensors were installed on north-facing (up-slope) sides of trees at
∼1.5 m from the ground. The remaining three HRM instruments were reserved
as ‘rovers’ that would move between secondary installation sites on all trees
on a weekly basis, thereby capturing a degree of circumferential variation in
sap velocities. Alongside sap flow observations, we undertook observations of
south slope air temperature, humidity, and shallow soil moisture (30 cm) to
generate in situ environmental forcing for the predictive sap velocity model.
Additionally, we extended safe trail access down the steep slope. Environmental
installations are detailed in section 2.3.1.2. See figure 2.5 for a map of the
installations.

2.3.1.2 Phase 1: Environmental observations of the south slope

Our motivating research question asks how and to what extent trees of a single
species acclimate to long-term climate differences. Our phase 1 investigation
approach involves testing whether different quantities or drivers of tree water
use could be detected between tree populations inhabiting different adjacent
microclimates. However, the challenge of characterizing the microclimates of
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Figure 2.5: See next page for caption.

individual trees with ambient environmental measurements led us to two up-
stream research questions: 1) What is the relationship between ambient tem-
perature and humidity below the closed forest canopy (2 m above ground)
and the higher air space occupied by the transpiring leaves (20-30 m above
ground)? 2) Is there transfer of water from the deeper unsaturated vadose
zone to the surface soils via hydraulic redistribution at this research site, as
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Figure 2.5: (on previous page) A schematic map (not to scale) of the Phase 1
Rivendell HRM sap flow installation, showing the relative locations of sap-flow-
instrumented madrone trees, temperature and humidity sensors, and the soil
moisture network. The sap flow network was installed in September 2016, the
weather station (level 6) was installed in May 2017, the soil moisture network
and hanging string of temperature and humidity sensors was installed July
2017. Power for all sensors derived from a solar panel array positioned up the
slope. Power for the sap flow installation was routed to a data logger (ICT
international Smart Logger) positioned on the tree labeled "Another". HRM
sensors from all trees connected to this logger for power and data transfer.
Power for the temperature, humidity, and soil moisture sensors was routed to
a data logger (Campbell Scientific CR1000X) positioned on the Level 6 weather
station. All temperature, humidity, and soil moisture sensors connected to this
logger for power and data transfer. Telemetry connections allowed data from
Level 6 to transfer wirelessly to remote database storage. The sap flow logger
did not have this capability and required manual data transfer.

has been observed in other Douglas-fir-dominated forests [13]?
Alongside the initial HRM sap flow network described in 2.3.1.1, in phase

1 we also installed environmental sensors to capture the local microclimate
on the south-facing slope. Our aims were twofold: firstly, to generate forcing
data specific to the south slope microclimate for use with the predictive sap
velocity model, and secondly, to investigate additional sources of environmental
variation that could further inform these aspects of the relationship between
ambient environmental conditions and vegetation water fluxes. We designed a
sensor network that would mirror the environmental observations available on
the north slope, as well as explore these additional environmental features of
the south-facing slope.

2.3.1.3 Soil Moisture

The design of the soil moisture array on the south slope was informed by
assumptions regarding the scale of soil moisture variability. We hypothesized
that soil moisture would show variation on a steep slope, and that trees might
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therefore have diverse rooting strategies, including variable timing and extent
of seasonal switching from shallow to deep moisture (e.g., [26]) or hydraulic
redistribution [12, 13]. Our dense network of shallow soil moisture observations
(see 2.5) was designed to 1) generate an area-averaged shallow soil moisture
variable characteristic of the whole south-facing slope for the predictive sap
flow model, 2) characterize each tree’s local environment as one line of evidence
indicating whether trees seasonally switch to deeper moisture reserves, and 3)
capture the signature of hydraulic redistribution, if present.

Soil moisture sensors were deployed during phase 1, and hence occupy the
same footprint as the HRM installation. Sensors are mapped out in figure 2.5.
To characterize each tree’s local soil moisture, we installed two shallow (30
cm depth) soil moisture sensors flanking each sap-flow-instrumented madrone
tree on the south-facing slope, with overlap where trees were spaced closely
enough (figure 2.5, white stars). This resulted in 13 locations of shallow soil
moisture observation around the 8 instrumented trees. To capture the signature
of hydraulic redistribution, at three locations we installed nests of three soil
moisture sensors stacked vertically 10 cm apart (figure 2.5, yellow stars). To
inform our decision of which depths to target with our stacked soil moisture
sensors, we analyzed existing soil moisture data from the ridge area of Rivendell
and saw that the characteristic ‘sawtooth’ pattern, attributable to the presence
of roots performing hydraulic redistribution, was most prominent at 35 cm.
Figure 2.6 shows an example of this pattern from data arising from similar
sensors installed at the ridge between the two hill slopes. Because this ridge
site lies close to large Douglas fir trees (Pseudotsuga menziesii), we were unsure
whether we would see similar dynamics in the soils of the Pacific-madrone-
dominated south-facing slope. Though we aimed to install sensors at 20, 30,
and 40 cm depths based on this analysis, in the process of installation we ran
into layers rich in decomposing fractured rock (saprolite) that were unsuitable
for hosting sensors below 30cm, and ultimately installed sensors at 10, 20, and
30cm.

Installation involved digging soil pits and inserting sensors horizontally into
the wall of the pit (see figure 2.7). During this process we avoided severing
large roots >1 cm in diameter within our soil pits in order to avoid disturbing
roots of sap-flow-instrumented trees, and also not to disrupt the root networks
that would be driving hydraulic redistribution if it were occurring. To avoid
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Figure 2.6: Diurnal fluctuations in soil moisture show the signature of hy-
draulic redistribution in some layers of the ridge zone soils of Rivendell. The
‘sawtooth’ diurnal pattern visible at 35 cm depth indicates moisture recharge
overnight, attributable to hydraulic redistribution through tree roots, in con-
trast to the ‘stairstep’ pattern at 70 and 100 cm depths. This site lies proximate
to large Douglas firs (<10 m away).

hitting roots or stones along the probe path, we first identified paths with
little resistance using a pilot rod and hammer. Because we inserted the probes
into undisturbed soils, we could not verify the absolute lack of stones or roots
winding between the two parallel probes.
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Figure 2.7: A shallow soil moisture probe pictured mid-installation, showing
orientation of sensor before being inserted into the undisturbed soil of the pit
wall. Large roots traversing the installation site were left intact.

2.3.1.4 Air Temperature and Humidity sensors

The design of air temperature and humidity observations was likewise informed
by our assumptions of the scale of variability. We assumed that because am-
bient air under the canopy is well-mixed during the day, air temperature and
humidity would be laterally similar across the 35 x 25 m observational foot-
print, but may show vertical gradients because the transpiring surface of the
canopy is concentrated higher up. Our installations were therefore designed to
characterize the mean sub-canopy air temperature at 2 m, as well as observe
the relationship between ambient temperature and humidity below the closed
forest canopy (2 m above ground) and the higher air space occupied by the
transpiring leaves (20-30 m above ground).

A weather station hosting an air temperature and humidity sensor at 2 m
was installed in the middle of the eight trees, in addition to a 22 m string of 10
evenly spaced temperature and humidity sensors extending from the canopy
to the ground (locations shown in figure 2.5). Air temperature and humidity
sensors require a correctly situated radiation shield to reduce signal variabil-
ity from direct exposure to sunlight. When installing the flexible string of
air temperature and humidity sensors, ensuring that all the sensors’ radiation
shields remained upright while hanging from the canopy was a challenge be-
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cause we had no rigid structure on which to mount the sensors. To solve this,
we engineered a triple-stranded design that anchored the shields in an upright
position from three corners. Figure 2.8 shows the orientation of the completed
installation.

Figure 2.8: The top four in a string of 10 air temperature and humidity sensors,
vertically suspended from a branch in the upper canopy, 25 m above the forest
floor. Three strands keep the radiation shields in the correct upright position
even under windy conditions.

2.3.2 Phase 2

2.3.2.1 Phase 2: research aims

Electrical failures in the custom data loggers deployed in Phase 1 which were
required to power the HRM sensor installation led to a complete redesign of the
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sap flow installation at Rivendell around a new sensing platform, TDP sensors.
Switching sap flow sensing platform from HRM to TDP sensors avoided the
sources of error in the Keck Hydrowatch sap flow data, improving our ability
to consider quantitative questions. Because of the new potential for quanti-
tative analysis, we expanded the observation footprint to include the north
slope, and also to include Douglas firs (Psuedotsuga menziesii). We expanded
from our existing research questions to additionally ask: "What is the quanti-
tative difference in transpiration flux between a shady north-facing slope and
a sunny south-facing slope?" as well as: "What is the quantitative difference
in transpiration between Pacific madrone and Douglas fir?"

2.3.2.2 Phase 2: TDP sap flow on both Rivendell slopes

This section describes the design of the TDP installation at Rivendell, and
documents the data processing procedure for the TDP sap flow data.

The TDP installation at Rivendell featured two types of sensor: one in
which the probe prongs are 100 mm in length and take three radial measure-
ments at 15, 50, and 90 mm depth (shown in figure 2.2), and one in which the
probe prongs are 80 mm in length and take two radial measurements at 15 and
70 mm depth. The spacing and number of thermocouples make 80 mm probes
suitable for trees roughly 30-75 cm in diameter, and 100 mm probes suitable
for trees that are even larger. Smaller trees hosting 80 mm probes received two
probes per tree, while three large Douglas firs were the only targets for 100
mm probes and were intended to host four probes per tree. The difference in
the number of sensors per tree reflects circumferential differences between the
two size classes of tree.

The logistics of setting up a TDP installation are challenging due to the
high power load, the precise operating voltage requirements of each sensor
type, and voltage attenuation over long cable lengths. Because off-the-shelf
infrastructure packages to regulate voltage and log data are expensive, we
solved these challenges with our own custom design. We include diagrams
and wiring maps of our set up in appendix 2.5.3. After installation, 20 trees
spanning both slopes hosted sap flow sensors: 6 Pacific madrone and 4 Douglas
fir trees on the north-facing slope, and 8 Pacific madrone and 2 Douglas fir
trees on the south-facing slope. Figure 2.9 shows a map of the installations.
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Figure 2.9: See next page for caption.

The small number of south-slope Douglas firs (2) is due to low numbers of
the correct size class within our observational footprint. Because there were
so few south-slope Douglas firs, and those that were there experienced data
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Figure 2.9: (on previous page) A map of the study site in Northern Califor-
nia (39.729°N, 123.644°W), and the locations of data for this analysis. The
canopy covering the north slope is largely made up of Douglas fir (Pseudotsuga
menziesii), bay (Umbellularia californica), and evergreen oak tree species (Tan
oak Notholithocarpus densiflorus, Coastal live oak Quercus agrifolia, Canyon
live oak Quercus chrysolepis), with some Pacific madrone trees (Arbutus men-
ziesii) in the upper half of the hillslope. In contrast, the south slope is mostly
populated with Pacific madrone trees, with a few Douglas fir and oak trees
primarily occurring in the upper half of the slope near the ridge. One-meter
topographic lines are shown in light gray. Underlying high-resolution satellite
imagery is from Maxar Technologies, accessed through Google Earth Engine
[33].

disruptions from power outages, ultimately we compared transpiration between
slopes using Pacific madrones only (see chapters 3, 4 and 5), and compared
transpiration between species using north-slope trees only (see chapter 3.2).

2.4 TDP Data processing
Data processing for TDP sensors has several steps, some of which rely on
qualitative judgments that have the potential to impact the scale of the signal.
Because of this, we are documenting our processing protocols.

Prior to analysis, we processed our sap flow data in the following steps: 1)
cleaning the raw data, which are in the form of reported temperature differences
between the two prongs (dT), 2) applying a standard zeroing procedure to
each data stream using a 5-day window to determine zero-flow conditions,
and lastly 3) converting the temperature differences to sap velocities using
Granier’s equation [35, 34]. In some analyses, we used population averages of
sap velocity. Before computing population averages, we took steps to identify
and remove outlying data streams.
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2.4.1 Data quality assurance and cleaning:

Data cleaning involved hand-identifying problem areas, deleting untrustworthy
data, and gap-filling with NaNs. Gaps in data and data quality arose from
power outages in the solar system at the field site (illustrated in figure 2.10
panel b), failures of voltage regulators that controlled the power delivered to
the sensors, exposure of weak electrical junctions to variations in temperature
and humidity (illustrated in figure 2.10 panel b), software updates to data
loggers which impacted the loggers’ time keeping, and animal disturbance.
The signature of these external factors, when contrasted to the degrees and
types of natural data variability, was generally easy to identify. Nevertheless,
individual decisions made in diagnosing and handling these issues have the
potential to affect accuracy in both timing and magnitude of the clean data.
Therefore the QA/QC process for each data stream is presented in detail in
code notebooks published at [7].

2.4.2 Zeroing procedure:

The zeroing procedure uses a rolling 5-day window as the period over which the
maximum observed temperature difference (dTMax) between the sensor’s upper
and lower thermocouple junctions is interpreted as corresponding to zero-flow
conditions. In standard practice, dTMax is identified over a local window of
time. dTMax is essentially a measurement of the temperature reached in the
center of a heat field generated by diffusion of a constant heat from the heated
probe into a low- or non-flowing matrix of wood and water, and is therefore
sensitive to the heat capacity of the living wood. This varies substantially over
time with biological changes in wood water content within tree trunks, which
can be impacted by rainfall or dry heat waves [89]. dTMax is also identified
uniquely for each thermocouple pair, as the wood water content of individual
installation sites is variable both around the circumference of a tree and with
depth. Two data streams on opposing sides of the same tree cannot be assumed
to have the same zero, as the proportions of lignin, cellulose, and water which
determine the local heat capacity of the wood vary around a tree trunk in
unpredictable ways. Similarly, for the same reason two data streams arising
from the same sensor at different depths within the tree trunk will not have
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Figure 2.10: See next page for caption.

the same zero, despite sharing the same heated upper heated probe. See figure
2.11.

The choice of zeroing window duration is informed by the estimated rate at
which wood water content changes substantively in the studied ecosystem. A
window which is too short masks possible night-time flows and underestimates
daily peak sapflow during dry spells, while windows that are too long introduce
errors during moist conditions. Not all trees showed the same extent of wood
water content variability. Here, we chose 5 days to capture weather-induced
variability in wood water content in the most responsive trees.
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Figure 2.10: (on previous page) Common features of the raw data are demon-
strated here. Sensor dUTDP80_1a, in the top panel, is an example of robust
data that went through minimal processing, while sensor dUTDP80_2a, in the
bottom panel, shows problematic data that required extra steps. In both pan-
els, each day shows a cycle of dT decrease and then increase as sap velocities
speed up in the morning, advecting heat away from the heated junction, and
then slow down in the afternoon, diminishing this cooling effect. Feature 1
shows the impact on dT of brief electrical disconnections typical of installation
maintenance. Feature 2 is a natural signal of high dT during a rain storm, when
sap velocities are near zero. Feature 3 shows the unusually variable dT and
dTMax typical of intermittent electrical disconnections caused by faulty wiring.
Feature 4 shows the background signal of sensed temperature gradients within
the tree when the heaters are disconnected. The cycling of this background
temperature gradient is driven by the daily warming of the tree trunk by the
ambient air temperature, causing water in the xylem to experience warming on
its journey from the cool subsurface up the relatively warm tree trunk. Due to
the low dTMax and the high sensitivity to ambient air temperature, this signal
is not possible to interpret as sap velocity under the Granier equation.

2.4.3 Conversion to sap velocity:

Sap velocity was derived from temperature differences between the upper and
lower thermocouple junctions, as in [34] (See equation 2.6).

The empirical parameters a and b are tailored for dTMax values of ap-
proximately 10°C. As seen in Figures 2.10 and 2.11, dTMax was not always
10°C. Studies examining the impact of parameter choice on the accuracy of
conversions from dT to sap velocity have found that accuracy improved with
parameters custom-derived for species type [83]. Because it was logistically
infeasible run the types of experiments necessary to fit our own custom param-
eters for Pacific madrone, we adopt Granier’s original parameters for Douglas
firs with a minor scaling differences to result in units of cm/hr:

a = 42.84, b = 1.231, (2.5)

Resulting in a final formula of:
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Figure 2.11: Raw data from a single instrument with two sensing junctions
at different depths shows the variability in dTMax within a single data stream
attributable to changing weather conditions (seen as the ‘wiggle’ in the maxima
of the blue and orange signals), as well as the offset in dTMax due to changes in
wood composition with depth within the trunk (seen as the consistently lower
dTMax of the orange line compared to that of the blue line). The variability
in dTMax within a single data stream between the inner and outer junctions
of a single probe set demonstrate why dTMax must be computed over a local
window of time and for each data stream separately.

u = 42.84 ×
(

(dTMax − dT)

dT

)1.231

(2.6)

Figure 2.12 shows the sap velocity traces resulting from the raw data ex-
amples shown previously in figures 2.11 and 2.10.

The impact of using parameters that were not customized to Pacific madrone
or varying dTMax on the resulting accuracy of computed sap velocity is un-
known. Because of this, confidence in magnitude-based comparisons between
individual data streams is lowered. However, based on the parameter sen-
sitivities shown in [83], we are confident that the variability in sap velocity
magnitudes seen in the final data are reflective primarily of real differences in
sap velocity, controlled by biological differences in overall tree function and
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Figure 2.12: Final sap velocity data derived from the raw data examples
shown in previous two figures. After zeroing over a local window, sensor
dL3TDP80_2a (top panel) shows less variability in nighttime low flows, but
still displays more variability in nighttime low flows than sensor dUTDP80_1a
(middle panel). This extent of difference is interpreted as real biological varia-
tion in nighttime transpiration. Sensor dUTDP8_2a shows the truncated data
stream that remains after unreliable data were discarded.

varying distributions of fast-flow or slow-flow tissues within the trunk. Fur-
thermore, because the extent of this variability is similar within each slope’s
tree population, we consider that impacts arising from non-customized pa-
rameters is uniform across the slopes and does not affect the validity of our
population-to-population comparisons.
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2.4.4 Removing outliers, averaging by slope, and
uncertainty analysis:

Some analyses used population averages as their basis. Before computing the
mean sap velocity characteristic of each slope or species, we remove outliers
on a sensor-by-sensor basis, relative to each slope’s group of sensors. We de-
fine outliers as data streams with a seasonal mean sap velocity falling outside
the range of twice the inter-quartile range (IQR) of seasonal means within
the slope’s group of sensors away from the slope-averaged seasonal mean sap
velocity (with no outliers excluded).

After excluding outliers, all remaining data streams were averaged together
by slope, resulting in a sap velocity time series for an average north-slope
madrone tree, an average north-slope Douglas fir tree, and an average south-
slope madrone tree. Because the medium of living wood and moving water
hosting the sensors is unique to each installation site, traditional sensor cali-
bration and error analysis is not possible. Therefore, we interpret the standard
deviation of our average-tree data streams as representing total uncertainty in
our measured sap velocity magnitude. This is illustrated in Figures 3.3 and
4.2.

2.4.5 Conclusions and lessons learned:

The redesign of the sap flow installation was spurred by an equipment failure
and an inability to access product support. Swapping HRM sensors for TDP
sensors is not possible in all settings, but because the initial HRM data at our
site showed that flow minima did not vary substantially (<1 cm/hr) in the
presence of substantial weather variability, and that reverse flows in the trunk
did not occur, we found the trade-offs between HRMs and TDPs to be overall
in favor of TDP sensors for this setting. Moving to the new platform had the
added benefit of enabling quantitative dimensions of our research agenda.

Given the irregularity of tree spacing in a natural forest and cost limita-
tions, we found that installing and interfacing with our own data-logging and
voltage-regulating equipment was preferable to off-the-shelf options. Working
around limitations in suitable trees, available field power, and voltage drops
over long cable lengths proved time consuming but cost-effective (see Appendix
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A). Though our installation was tailored to this specific array of trees, the
added permanent infrastructure necessary to support this installation will en-
able future expansion of sap flow monitoring at this field site, on any trees.

2.5 Results
This section covers results from exploratory analyses of HRM and environe-
mental data streams.

2.5.1 Results from Phase 1 HRM sap velocity at
Rivendell:

HRM sap flow installations operated well for roughly a month before a com-
bination of electrical failures in data loggers prevented further data collection
over the following year. The symptoms of logger failure included inconsistent
data collection rate (switching from 15-minute reporting to hourly reporting),
unreliable internal timekeeping (occasionally overwriting stored data due to
shared timestamps), and generally unreliable powered operation (internal bat-
tery became discharged at random and the logger powered off). The data logger
failures delayed and ultimately prevented deployment of ‘roving’ sensors. Be-
cause the sensors and loggers operated with customized hardware connections
and logging software that was not made available by the manufacturer, repair-
ing the platform without technical support was beyond our capacity. After
failing to access technical support from the manufacturer, we did not find a
resolution of these issues, and ultimately the HRM installation was removed
in Fall 2017.

Despite the unfortunately short duration of data collection, the HRM sap
flow data from Rivendell’s south slope contain several significant features, and
fortuitously the observation period captured two rain events (seen as multi-day
periods of low sap velocities). See figure 2.13. Firstly, the resulting data show
that overall the installation quality was good, following the best practice of
using a slow hand-powered drill and engaging secondary lines of sight during
drilling. Four of the eight trees had no installation abnormalities, and the is-
sues visible in the remaining four were minor. Secondly, some trees showed
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Figure 2.13: See next page for caption.
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Figure 2.13: (on previous page) HRM sap velocity data for eight madrone
trees, September 27-October 22, 2016. Trees ‘Another’, ‘Angled 60’, ‘Twisty’,
and ‘Whitebeard’ show signs of good installation geometry, with both data
stream depths (green and blue lines) reaching similar minima and achieving
zero flows over the observation period. Minor offsets between data streams
in trees ‘Angled 45’, ‘Dougfir’, ‘Straight’, and ‘V’ indicate minor geometric
abnormalities. Rain events October 3-4 and 15-18 depress sap velocities to
near-zero from a combination of leaf wetness and high ambient humidity.

nocturnal flows of <1cm/hr following the first rain event (see e.g., ‘Twisty’).
Thirdly, most (but not all) trees showed a substantial uptick in peak sap ve-
locities following the second, larger rain event, suggesting a previous state of
water limitation in these trees. Fourthly, we interpret the data as showing no
negative flows, including during the rain events. Though it is unknown what
causes the downward spikes below zero visible in figure 2.13, the short duration
of these spikes suggests a signal processing issue in the software rather than
negative flows. We cannot be more specific in our interpretations because we
did not have access to the software, or to technical support. A lack of negative
flows matches expectations for the location of the sensors (breast height in the
trunk), but is nevertheless useful confirmation. Deeper analysis of the environ-
mental response of these sap velocities, including contrasts with the output of
the predictive sap velocity model, was not pursued due to the short duration
of the data.

2.5.2 Results from south slope environmental sensors at
Rivendell:

2.5.2.1 Soil moisture:

The soil moisture array showed minimal traces of hydraulic redistribution at
30 cm, or in the case of the stacked sensors, above 30 cm. Data at all depths
showed clear ‘stairstep’ declines. From this we concluded that, in contrast to
Douglas firs, root properties of Pacific madrone trees do not lead to hydraulic
redistribution at our site. This could be due to several reasons that we did
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not have the means to test further: 1) madrone roots may present higher
resistances to flow within the roots; 2) madrone root masses may present higher
cumulative resistances over the root network if the root mass of madrones is
small compared to that of Douglas fir; and 3) madrone rooting distributions
may differ, and may possibly subtend smaller soil water potential gradients in
comparison to Douglas firs.

Volumetric soil water content at 30 cm showed a surprising degree of spa-
tially organized variation, which persisted in both wet and dry seasons of the
year. Spread among the sensors during the wet season ranged from 10-40%
soil volumetric water content, while dry season spread ranged from <1-15%
soil volumetric water content. A further surprise lay in the spatial organiza-
tion of the variability. Though in theory shallow soil moisture is expected to
become monotonically wetter as one moves down slope due to expected water
storage patterns in a hill, the organization of the variability did not follow the
slope position. The wettest zone was at the bottom of the slope as expected,
but the driest zone lay directly above this on the eastern portion of the mid-
slope, while a still-dry but slightly wetter zone occupied the western portion
of the mid-slope, and the up-slope zone had the second wettest soils. Figure
2.14 shows the spatial organization of the shallow soil moisture.

Because possible non-soil materials between probes could be a source of sys-
tematic variability influencing this spatial pattern, we manually sampled soils
from the driest zone and the wettest to confirm systematic moisture variation
in these adjacent regions. Our manual soil sampling protocol involved digging
a pit in each soil region 70 cm deep and sampling undisturbed soils from the pit
wall at varying depths. Our analysis yielded gravimetric water content rather
than volumetric water content, yet the ordinal signal of the samples agreed
with the sensor network: the dry region was drier than the wet region. We
also observed systematic differences in rooting density between the two soil
pits, with the dry zone showing sparser roots than the wet zone (Figure 2.15).
From this we conclude that 1) the soil moisture sensor network is capturing
ordinally accurate spatial variation in shallow soil moisture on this hill slope,
though the precise magnitudes are unverified; and 2) tree root distributions
respond to these patterns by clustering the wetter zones. We acknowledge
that denser rooting in the wetter zones may amplify the soil moisture signal
detected if roots invade the probe space, due to the greater presence of water
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Figure 2.14: Shallow soil moisture (30 cm depth) showed high variability and
clear spatial organization.

in root tissues than in soil.
To explain the spatial organization of variability, we revisited the question

of whether the classic view of hill slope hydrology, in which water moves ver-
tically though a soil column to a permeable layer and then down slope to a
point of drainage (as illustrated in [75]), was applicable at our site. The soils
within our sampling footprint lay atop a uniform parent material of argillite
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Figure 2.15: Root density in the wet soil region was noticeably higher than
that in the dry soil region.

mudstone, in between two lateral ridges of sandstone to the east and west
of our sampling footprint. Based on the topographic features and underlying
geology, geomorphology experts at our Critical Zone Observatory determined
that discontinuities in the sandstone-mudstone boundary on the eastern side
of our footprint were generated by a relict landslide that scooped out the mid-
slope region of the site. Because the sandstone holds more water than the
mudstone, this disturbance could have created paths of lateral water flow aris-
ing from the sandstone ridge to the east which then wet the mudstone soils.
Based on the shape of the landslide scoop, it was determined that these lateral
flow paths plausibly exist in the upper and lower regions of the hill slope, but
are disrupted in the mid-slope regions. This speculative explanation of the
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unexpected spatial pattern of moisture variability suggests that this degree of
surface soil moisture variability may be common outside of this field site.

For the purposes of estimating the impact of this degree of soil moisture
variation on transpiration, assumptions about rooting quantity and distribu-
tions over a hypothetical region of whole-root-zone-moisture are needed. For
instance, assumptions of lateral rooting extents inform the degree to which
trees may ‘smooth out’ the observed scale of shallow moisture variability, while
assumptions about vertical rooting extents, coupled with assumptions about
the moisture profile in the subsurface, further impact whether the shallow soil
moisture variability is a good proxy for whole root zone moisture. Under the
simple assumption that the surface variability extends to similar variability in
total root zone moisture, then in the predictive sap velocity model for Pacific
madrone of [56, 55], this range of variability represents the entire spectrum of
functional transpiration sensitivity to total root zone moisture, ranging from
conditions too dry to support any transpiration under 10% VWC (values shown
by all but two sensors in dry, pre-rain conditions) to non-limiting conditions
above 25% VWC. We explore this assumption in more depth in section 3.1 in
the context of sap velocity data, but ultimately determined that this simple
assumption was implausible in the face of brisk transpiration activity in all
instrumented trees. Without more extensive field sampling, we could not de-
termine the magnitude of variation in total root zone moisture on an individual
basis. Instead, recognizing the common dynamics of all data streams, future
analyses take a site-averaged soil moisture state to represent a dynamic rate
of moisture decline common to all trees.

2.5.2.2 Results from the air temperature and humidity string

The hanging string of air temperature and humidity sensors operated for 18
months before going offline due to animal disturbance. In that time, the string
showed a seasonally-changing vertical gradient of vapor pressure deficit (VPD),
a measure of the remaining water holding capacity of the ambient air based
on combined temperature and humidity conditions, between the canopy and
forest floor. Figure 2.16 shows that the bottom sensors showed more daily
variability than those higher up, so that departures from the mean conditions
of the sensor string were driven primarily by changing surface conditions. Hu-
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Figure 2.16: Monthly climatological departures from mean conditions in VPD
are shown for the bottom three sensors, the middle four sensors, and the top
three sensors, derived from data spanning September 2017 to April 2019. The
grouping of the sensors serves to highlight the seasonally shifting climatic gra-
dient from the canopy to the forest floor, and mean conditions are computed by
averaging values over the entire sensor string. The sensors are spaced roughly
2 m apart, so that the bottom three sensors span the lower 6 m of the 22 m
string, while the top three span the upper 6 m. The string displays climatic
gradients that change seasonally, responding to shifting surface conditions in
soil moisture and solar radiation. The VPD differences between the bottom
(blue) and top (green) of the string in the month of March are driven primarily
by differences in relative humidity, while the differences in June and July are
driven more by differences in temperature arising from transient solar heating
from sunflecks.

midity differences along the string are driven primarily by seasonal shifts in
evaporation from soils, and are maximized in March, when the average among
the bottom three sensors can reach a peak humidity 5% higher than that shown
by the average among the top three sensors of the string due to their closer
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proximity to moist sunlit soils. Temperature differences along the string are
driven by the changes in solar heating from below, which beneath the canopy
is dominated by the presence of temporary sunflecks heating the forest floor.
Temperature differences are strongest over the summer and are maximized in
June, when the average among the bottom three sensors reaches twin peaks
1.2°C and 0.9°C hotter than that shown by the average among the top three
sensors of the string. In July, higher ambient temperatures in combination with
lower humidities lead to maximal VPD differences along the string of sensors.

The primary question we wanted to address with this installation was
whether these gradients were large enough or seasonally variable enough to
warrant a systematic adjustment of VPD data streams collected at 2 m when
attempting to understand the responsiveness of transpiration to environmental
conditions. Ultimately, we did not do this. We reasoned that the temperature
impact of temporary sunflecks is not generalizable to the remainder of the site,
and though in contrast the impact of moist soils is likely to be systemic around
the site, this effect was largest in the winter months, which were excluded from
our subsequent analysis. Nevertheless, the gradients usefully shape the intu-
ition that conditions sensed at the ground are more seasonally variable but
overall substantially similar to those aloft in the canopy. Temperature vari-
ability due to temporary changes in solar gain both on the ground (sunflecks)
and within tree canopies (neighbor- and self-shading) is a likely source of out-
of-phase variability in VPD data streams from beneath the canopy and sap
velocity.

2.5.3 Conclusions and lessons learned:

The deployment of HRM sap flow at Rivendell led to several key conclusions
that supported our eventual transition away from the HRM sap flow platform
to the TDP sap flow platform. Our environmental installations on the south
slope successfully served the dual aims of providing forcing data specific to
the south slope microclimate for use with the predictive sap velocity model
developed by [56], and investigating additional sources of variability in VPD
and soil moisture. We learned:

1) Reverse sap flows in the trunk were not seen, including during the first
rains following the summer-season dry spell.
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2) Overnight sap flows are possible under a combination of well-watered
conditions and dry weather, as seen between the two October 2016 rain events,
but they are small when they occur (<1cm/hr).

3) Even under best installation practices, slight geometric errors (<1cm/hr)
impact the reported sap flow magnitude in HRM sensors.

4) Hydraulic redistribution by tree roots is detectable in shallow (<1m)
soils at the ridge, an area close to large Douglas firs. In contrast, hydraulic
redistribution is not detectable in the shallow soil layers of the south slope, an
area dominated by Pacific madrone.

5) There exists significant variability in shallow soil moisture (10-40% dur-
ing the rainy season) on the south slope, in a spatially coherent pattern sugges-
tive of lateral flows deriving from a landslide disturbance. Tree roots respond
to this surface soil moisture variability by clustering more densely in the wet
regions. We do not believe this variability accurately represents the degree of
functional variability in moisture available to trees.

6) Gradients in temperature, humidity, and VPD between the canopy air
space and the forest floor are present and seasonally changing, driven primarily
by changing surface conditions rather than by changing transpiration fluxes in
the canopy air space. Both sunflecks and seasonally evolving soil moisture have
an impact on the strength of the gradient.

These conclusions justified our switch from HRM to TDP sensors, and also
the simplified environmental framing of the sap velocity model. The major
strength of HRM sensors lies in capturing reverse and overnight flows. In the
madrones at our field site, the extent of overnight and reverse flow was small
and comparable to the degree of geometric installation errors even under best
practices. This suggests that our research aims would be equally well-suited
to a TDP sap flow sensing platform. To represent the dynamic environmental
conditions of the south side tree population, we use site-averaged variables in
soil moisture and VPD.

The environmental data also suggest additional avenues of investigation.
For instance, the importance of sub-canopy gradients in air temperature and
humidity could be further informed by screening for windy conditions, because
gradients are expected to be maximized on days with little wind. Investigations
into the deeper rocky layers of the vadose zone through the usage neutron
probes down boreholes, or tracking water potentials at the trunk or roots of
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trees, could help constrain the hypothesis space regarding rooting depth and
density distribution. Excavation of madrone roots and installation of HRM sap
flow sensors on these roots could directly investigate the existence of hydraulic
redistribution in madrone root systems by tracking the direction of sap flow,
while psychrometers measuring stem water potentials on these roots could
better inform the soil conditions under which hydraulic redistribution occurs.
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Appendix A

TDP deployment plans

A.1 Wiring diagram
The following figures illustrate the wiring of the TDP installation. 8-stranded
cable carried data and power between multiplexers on each instrumented tree
and centrally-located data loggers. Separately, power cables carried specially-
tuned power from voltage regulators to TDP sensors.

Figure A.1: A diagram of how power splits through the data logger (CR1000)
and voltage regulator (AVRD) and then runs separately to the multiplexer and
the tuned power junction, which each connect to the sensor cables.

A.2 Installation maps
The following are maps that describe the TDP deployments at Rivendell. The
power cables carrying tuned voltage were all the same length, to create identical
voltage drops over the cable length. The length of the data cables could vary.
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Figure A.2: A labeled diagram showing the arrangement of components in the
environmental enclosures hung from the instrumented trees. When deployed,
the enclosure holes were sealed.
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Figure A.3: A schematic (not to scale) of the installation wiring for the north-
slope trees occurring below Conger road, which bisects the north slope. Douglas
fir tree ‘Flat Top’ did not generate data, due to trouble communicating with
the Level 1 logger. Douglas fir tree ‘Medusa’ was not instrumented due to
deeply scarring tree disease discovered beneath the bark.
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Figure A.4: A schematic (not to scale) of the installation wiring for the north-
slope trees occurring above Conger road.
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Figure A.5: A schematic (not to scale) of the installation wiring for the trees
occurring on the south slope.
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Chapter 3

Preliminary sap flow analyses using
TDP data

This chapter explores the preliminary analyses using the TDP sapflow and
environmental data together. These analyses begin a quantitative discussion
of Pacific madrone–Douglas fir comparisons and comparisons among individual
madrones.

3.1 Regressions of madrone sap flow and VPD
on Rivendell’s South slope

3.1.1 Research aims

Chapter 2 documented a large degree of 15m-scale variability in shallow soil
moisture (section 2.5.2.1) and no appreciable above ground variability in va-
por pressure deficit (VPD). The South slope soil moisture ranged from under
10% Volumetric Water Content (VWC) (values shown by all but two sensors
in dry, pre-rain conditions) to above 25% VWC. This range functionally spans
conditions too dry to support any transpiration to non-moisture-limiting in a
predictive sap velocity model for Pacific madrone [56, 55]. If surface soil mois-
ture variability extends to similar variability in total root zone moisture, then
under this model, that would imply substantial differences in water limitation
status across the madrone individuals of the south slope.

Because VPD directly modulates transpiration flux day to day, we con-
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sidered how a tree’s sap flow response to changes in VPD could relate to that
tree’s water supply. We hypothesized that 1) trees growing under water-limited
conditions would show reduced increases in sap flow in response to increases
in VPD (shallower regression slope); 2) trees experiencing more dramatic sea-
sonal changes in subsurface moisture availability– moving from non-limiting
to limiting conditions– will show a weaker relationship between sap flow to
VPD over the season (lower R2); and finally 3) that both of these responses
would track coherently with shallow soil moisture variation at 30 cm, proving
a linkage between proximate shallow moisture conditions and whole-root-zone
moisture. Upstream from these hypotheses is the simplifying assumption that
within a single species all similarly-sized individuals, through optimizations of
crown geometry, leaf area, and leaf angles, experience equivalent bulk canopy
conductance; and that canopy conductance is never limited by persistent low
light conditions during the summer season. These assumptions, if true, allow
us to expect equivalent sap flow responses to VPD across individuals experi-
encing equivalent soil moisture conditions, which in turn allows us to attribute
variable responses to VPD across individuals to different soil moisture condi-
tions.

3.1.2 Methods

To test the hypothesis that trees growing under water-limited conditions would
show a diminished sap flow response to variation in VPD, we ran linear regres-
sions of daily integrated VPD against daily integrated sap velocity. To com-
pute the integrals, we focused on the dry summer months to see the impact
of steadily declining soil moisture. We discarded days with incomplete data
before computing the integrals. Regressions were done on a sensor-by-sensor
basis for the whole dry season, and also by month. All computations were
performed with Python 3.8.5.

3.1.3 Results & Discussion

The results over the dry summer months (June-October) are shown in figure
3.1, while the results of the monthly regressions, alongside a map showing the
locations of installation, are summarized in figure 3.2.
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Figure 3.1: Sap velocity integrated over time yields a daily distance that water
moves up the tree trunks at the point of observation, which serves as a proxy
for daily transpiration. Here, daily integrated sap velocity is regressed against
daily integrated VPD. Two panels per tree reflect two sensors per tree, and
color indicates date. Slope steepness indicates the degree of sap flow response
to VPD, while tightness of regression fit indicates the linear predictability of
sap flow from VPD over the whole season. Variability in regression slope and
overall fit does not follow variability in shallow soil moisture, and even within a
single tree, the slope and regression fit varies by sensor, due to circumferentially
varying sap flow dynamics.

Figure 3.1 shows a seasonal progression in regression slope. The wetter
early summer (purple and blue dots) shows a steeper relationship between
daily integrated sap flow and daily integrated VPD than the dry early fall
(yellow dots), which may be attributable to evolving soil moisture availability,
as VPD and solar radiation intensity evolve relatively little over the same
time period. Interestingly, any variation in regression slope steepness, and in
the predictability of the relationship between sap flow and VPD (R2) did not
follow the variation in surface soil moisture. In fact, the results show that
large differences in regression slope and R2 can exist between the two sensors
on a single tree. This suggests that variance around the trunk in sap velocity,
and consequently the variability in response of sap velocity to environmental
drivers in different wood tissues existing around the trunk, are too large for
the sap flow dynamics of an individual tree to be fully characterized with only
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Figure 3.2: Daily integrated sap velocity was regressed against daily integrated
VPD on a monthly basis, and the resulting statistics are summarized in the left
two panels while on the right, a map shows how the madrone trees instrumented
with TDP sensors align with the color-coded regions of soil moisture differences.
The top left panel shows the seasonal evolution of R2 values, while the bottom
panel shows the seasonal evolution of the regression slope. Each line represents
one sensor, with the colors coded to match the soil moisture region hosting the
instrumented tree.

two sensors per tree.
The monthly changes in regression statistics are visually summarized in

figure 3.2 so that the color of the lines match the soil moisture region hosting
the sensor. None of the months show a ranking of R2 or regression slope that
coheres with the variation in surface soil moisture. The months of July and
September stand out as having particularly weak correlations between VPD
and sap velocity, as well as particularly shallow regression slopes. We inter-
pret this as indicating the presence of other factors playing a larger role in
controlling sap velocity variability during these months. In the month of July
shallow regression slopes and low R2 are partly explained by consistently high
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VPD conditions, which led to other factors controlling the bulk of sap flux vari-
ability. In September, daily VPD conditions varied greatly while the sap flux
response to equivalent VPD conditions diminished as the month progressed.
We hypothesize that this is the impact of declining soil moisture across the
site. The comparative uptick in both regression slope and R2 in the month of
October could be explained by the rainstorm at the start of the month coupled
with low VPD conditions throughout the month changing the economics from
supply limitation (soil moisture) to demand limitation (VPD).

Phenological events in both July and September may also be shaping the
regression results. Despite being evergreen, madrone trees experience an an-
nual leaf turnover with a temporary double canopy in July as the new leaves
flush before the old leaves drop. Evolving leaf surface area over the month
could create changing relationships between VPD and sap flow throughout the
month, muddying the relationship between VPD and sap flow. In September,
madrone trees are fruiting, which may create a reproductive demand for water
beyond that needed for photosynthesis and transpiration. We do not know of
any research that has documented the impact of these phenological stages on
water usage in madrone.

In light of declining soil moisture over the same time period (see figure
2.14), the seasonal progression in regression slope shown in figures 3.1 and 3.2
supports our first hypothesis that reduced soil moisture conditions lead to a
smaller sap velocity responses to VPD. However, the variation in regression
slope among sensors stationed on the same tree show that natural variation
in wood tissues across installation sites has the potential to impact regression
slope and its degree of seasonal evolution beyond soil moisture conditions alone.
Furthermore the exceptionally low regression slopes of July indicate that the
context of the relationship between sap velocity and VPD is complicated by
observational conditions and potentially phenological factors. Hypothesis 2,
which states that larger seasonal variability in subsurface water resources will
impact R2 values, was not proved. Based on the evidence available, our third
hypothesis fails, suggesting that deeper moisture reserves accessed by trees
are not governed by the spatial patterns of variation that are observed in
surface soil moisture. Because of this, we aren’t able to determine which trees
experience greater changes in their total root zone moisture over the seasons.
This leaves us unable to fully test hypothesis 2.
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The relevance of our simplifying assumption of equivalent bulk canopy con-
ductance among similarly-sized individuals is called into question by the vari-
ability between two sensors mounted on a single tree. Variation in sap flow
dynamics on two different sides of the same tree imply that either perceived
canopy conductance downstream from the sensor either varies circumferentially
around a tree, with xylem conduits connecting to different canopy regions; or,
that variation in wood properties around the tree makes equivalent downstream
canopy conductance result in different rates of sap flow around a trunk. Ei-
ther explanation would indicate that two installation sites can not be directly
compared without more contextual data of wood type, or studies of crown
illumination.

3.1.4 Conclusions

Regressions of integrated daily VPD against integrated daily sap flux over
variable regions of surface soil moisture lead to several conclusions:

1) Sap flow dynamics do not respond to surface soil moisture in a manner
consistent with their total root zone moisture experiencing similar spatial pat-
terns. This suggests that either root networks laterally subtend these zones of
moisture or deeper moisture reserves are differently spatially distributed.

2) Sap flow speed and response to VPD are not consistent across sites
within an individual tree.

Conclusion 1 led us to consider area-averaged surface soil moisture as an
ordinal proxy (magnitude agnostic) for deeper soil moisture reserves experi-
enced by trees on both slopes. Conclusion 2 led us to move forward in our
analysis with population-averaged sap flows, so that variation between sites
and individuals could be averaged out among a larger number of sensors to
characterize the population.
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3.2 Comparison of sap flow in Douglas firs and
Pacific madrones on Rivendell’s north
slope

3.2.1 Research aims and methods

In this section, we explore species differences in water flux dynamics and sea-
sonality in the sort of quantitative framing that had not been feasible with the
Keck Hydrowatch HRM data.

Over the span of two years of TDP sap flow data, for each species we an-
alyzed the seasonal timing of maximum sap velocities and documented daily
integrated sap flux. This analysis was limited to north slope trees because
number of Douglas firs on the south slope was too small to support a compari-
son with neighboring south slope madrones. To prepare the data for the daily
maxima and the daily integrated sap flux computations, we computed popu-
lation averages by species for the north slope, discarded days with data gaps
remaining, and then derived daily maxima or integrals from the population
averages over the complete days that remained.

For time spans selected from the first year of data, we also used empirical
orthogonal function (EOF) analysis to find distinctive features in the shape of
the diurnal cycles and seasonal progression of sap flow characteristic of each
species. For this analysis, data from both slopes was used. To prepare the data
for the EOFs, we aggregated all data streams for both slopes and both species
into a matrix, and then selectively reduced the data by row (time stamp) or
column (sensor ID) to a set of observations that contained no missing values
that are not shared among all sensors. The remaining data set has discontinu-
ities in time, but no NaN values. While reducing the data, we optimized for
including more unique data streams, at the expense of introducing more gaps
in time. Ultimately, EOFs were performed over a set of 36 sensors on 19 trees,
focusing on two different time spans: both for a long span of the 2018-2019
sap flow year, and for a single sunny day in July 2018. All computations were
performed in Python 3.8.5.
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3.2.2 Results

3.2.2.1 Daily sap velocity maxima and integrated sap flux:

The seasonal progression of daily sap velocity maxima in Pacific madrone and
Douglas fir shown in figure 3.3 confirms the species differences in the timing
of peak sap velocity described in Link 2014. Annual peak sap velocities in
Doug fir occur up to three months before those in Pacific madrone, and during
the driest summer months, their daily maxima peak at significantly slower
velocities.

Figure 3.3: Average daily maximum sap velocity for Douglas firs and Pacific
madrones on the north slope is plotted for two years, with the population
standard deviation shown by the shade. Averages are derived from all reporting
sensors on 6 madrones and 4 doug firs. The number of sensors feeding into the
average per species varied from 4 to 10 as data streams cut in and out under
field conditions. Near the winter solstice in both years, power deficits caused
gaps in the data, which have been interpolated as straight lines.

Though Douglas firs display slower maximum sap velocities over the dry
summer, time integration of their diurnal cycle of sap velocity (plotted in figure
3.4) shows that they nevertheless continue to move a greater or equal amount
of water per sapwood area as their madrone neighbors. This is because they
have a longer daily span of sunlight due to their tall stature. Intriguingly, the
two species show remarkable agreement on the daily rate of water flux through
their respective sapwood areas during the driest months, despite operating at
different speeds throughout that period.
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Figure 3.4: Daily integrated sap flux per sapwood area plotted for Douglas
firs and Pacific madrones on the north slope, based on the population mean
sap velocity for each species. The magnitude of Douglas fir sap flux is greater
than that of madrone even at similar sap velocities (see figure 3.3) because
their crowns remain illuminated for longer due to being taller.

3.2.2.2 EOFs:

The first three principal components for each EOF analysis are shown in figure
3.5. Both analyses show separation of species and slope aspect in principal
components 2 (PC2) and 3 (PC3), respectively. The shape of the principal
components for the analysis of a single day (figure 3.5 panel a, left column)
shows that the separation in positive or negative weights for that principal
component (figure 3.5 panel a, right column) is, in the case of PC2, due to
the length of the diurnal cycle of sap flow. This confirms that Douglas firs
experience a longer daily cycle with a slower peak flow compared to madrone.
The exceptions to this pattern are trees in low-elevation positions on both
the north and south slopes, where the duration of solar radiation received is
most impacted by the effect neighbor-shading. The shape of PC3 in the daily
analysis shows that the south slope trees have a daily cycle of sap flow that
is time-shifted relative to their north neighbors. In this case, the exceptions
occur on the extreme western edge of the north slope (Summer) or eastern edge
of the south slope (Faux fir), which is likely to correspond to different crown
orientation than other trees in their slope cohort.

The EOF analysis of the longer span of data shows a slightly greater degree
of separation by species and slope, with differences in individual daily cycles
compounded by differences in seasonal progression of daily cycles.
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Figure 3.5: See next page for caption.
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Figure 3.5: (on previous page) EOFs were performed for over a typical sunny
day in late July (panel (a)) and a longer span of 2018-2019 (panel (b)). For each
time span, the first three principal components are plotted in the left panels,
with weighting factors color coded by species given in the right hand panels.
The weighting factors are organized left-to-right in order of the sensor’s slope
position, from low-elevation trees on the north slope to low-elevation trees on
the south slope.

3.2.3 Conclusions

With the new TDP data set, we were able to expand the documentation
of species differences in water flux dynamics and seasonality between Pacific
madrone and Douglas fir. Our findings are summarized below:

1) We confirmed the seasonal offset in annual peak sap velocities between
these two species, noted in [55].

2) We further found that, due to species differences in crown height and
shape, and hence differences in experienced day length, the differences in an-
nual peak sap velocity did not correspond to differences in transpiration flux.
We found that generally Douglas firs displayed greater or equal transpiration
fluxes per unit of sapwood area compared to Pacific madrones, even during the
driest part of the summer. When considering that mature Douglas firs are a
larger size class of tree than mature Pacific madrones, with correspondingly
greater sapwood area, we conjecture that the net water flux from Douglas firs
individuals greatly outstrips that of their Pacific madrone neighbors, no matter
the season.

3) We found that differences in timing and duration of crown illumina-
tion best explained the species and slope-aspect separation highlighted in the
EOF analysis. This suggests possible avenues for inferring crown geometry or
orientation from sap velocity signals.

Findings 2 and 3 were made possible by the new TDP platform.
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Chapter 4

Direct observations of microclimatic and
water flux differences

4.1 Introduction
Slope aspect influences microclimate directly via insolation differences, and this
effect varies depending on latitude and slope gradient. Our aim is to understand
how, and to what extent, microclimates caused by topography are associated
with variations in tree transpiration. To do this, we embarked on a study at
the University of California’s Angelo Coast Range Reserve in Northern Califor-
nia, a site which is now NSF’s Eel River Critical Zone Observatory. The focus
is the temporal and cross-slope variations of sap velocities of a population of
Pacific madrone trees (Arbutus menziesii)– a deeply rooted, drought-tolerant,
broadleaf evergreen tree– straddling a microclimate gradient created by differ-
ences in solar radiation on adjacent north- and south-facing slopes of a hill. We
hypothesize that slope aspect in the mid-latitudes influences microclimate and
hence tree transpiration, leading to cross-slope differences in both the timing
and amount of vegetation water fluxes. For simplicity, we focus only on data
from the dry summer. We define microclimate by ambient air temperature and
humidity beneath the canopy, incoming solar radiation adjusted for the slope
and aspect of the closed canopy, and soil moisture measured at 30 cm.

In this chapter, which includes material previously published in [8], we
describe the research site and we present field observations documenting the
microclimatic differences across the hill slope divide, and analyze the differences
in transpiration from the populations of Pacific madrones living on each hill
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slope.

4.2 Methods

4.2.1 Site description

Our study took place at the University of California’s Angelo Coast Range
Reserve (39.729N, -123.644W), a site with large variation in year-to-year pre-
cipitation (e.g., 1027 mm in 2013-14, 2991 mm in 2016-17), and hosting a
heavily instrumented, steep, forested north-facing slope. The forest is com-
posed of mixed broadleaf and needleleaf evergreen trees typical of the Douglas
fir Pacific alliance [86].

Our installations took the observations to the opposing south slope. Be-
cause of the near-direct north–south orientation of the hillslopes, the micro-
climatic differences between the two slopes are pronounced. Our observations
show that the south slope can be nearly 7°C hotter and experience VPDs up
to 1.8 kPa greater during late September mornings (see Table 4.1). There
is a visible transition in tree species composition across the ridge of the hill
(see Figure 4.1). Because the instruments deployed across the two sides of
the hill and adjacent meadow are less than 400 m apart, we assumed precipi-
tation inputs and cloud-induced variations in solar radiation are identical for
the meadow and both sides of the hill. Soil samples taken near the surface
and rock cores extracted from deeply drilled wells confirmed that soil type and
underlying lithology are comparable on both sides of the hill.

4.2.2 Instrumentation

The field program collected 1) sap velocity measurements on Pacific madrone
trees; 2) ambient understory temperature and humidity microclimate; 3) in-
coming solar radiation to an open meadow adjacent to the site; and 4) soil
moisture at 30 cm (Figure 4.1).

Sap velocity sensors (Dynamax Granier-style Thermal Dissipation Probes,
as in [35] and [34]) were installed into 14 madrone trees, 8 on the south slope
and 6 on the north slope (Figure 4.1, red dots). Our study trees ranged from 36
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Figure 4.1: See next page for caption.

to 72 cm in diameter, and each tree hosted two 80-mm-long sensors (each with
thermocouple junctions at 15 and 70 mm) placed approximately 180°apart. In
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Figure 4.1: (on previous page) A map of the study site in Northern Califor-
nia (39.729°N, 123.644°W), and the locations of data for this analysis. The
canopy covering the north slope is largely made up of Douglas fir (Pseudotsuga
menziesii), bay (Umbellularia californica), and evergreen oak tree species (Tan
oak Notholithocarpus densiflorus, Coastal live oak Quercus agrifolia, Canyon
live oak Quercus chrysolepis), with some Pacific madrone trees (Arbutus men-
ziesii) in the upper half of the hillslope. In contrast, the south slope is mostly
populated with Pacific madrone trees, with a few Douglas fir and oak trees
primarily occurring in the upper half of the slope near the ridge. One-meter
topographic lines are shown in light gray. Underlying high-resolution satellite
imagery is from Maxar Technologies, accessed through Google Earth Engine
[33].

this analysis, we considered only data from the outer thermocouple junctions,
at 15 mm depth. This resulted in 16 and 12 data streams on the south and
north slopes, respectively.

Sixteen soil moisture sensors (Campbell Scientific CS650) monitored sur-
face soil moisture at 30 cm in a network that covered the south slope and
ridge area (Figure 4.1, blue diamonds). Unfortunately, similar soil moisture
observations on the north slope were compromised during the study period,
and were therefore not used in this study. Three temperature and humidity
sensors (Campbell Scientific CS215) were installed 1.5 m above the ground in
weather stations on the north slope, while eleven existed on the south slope,
ten of which hung in a vertical string from the canopy to the ground, and the
last of which was installed 1.5 m above the ground in a weather station (Figure
4.1, yellow stars; vertical string represented as one point). A weather station
in an adjoining meadow provided information about incoming radiation, wind
speeds, and precipitation (Figure 4.1, green triangle).

4.2.3 Data processing

All data were collected at 1–15-minute intervals and resampled to 5 minute
intervals with no interpolation. Cleaning and analysis of field data was con-
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ducted with Python 3.7.4. All data and scripts for processing are available for
download [7].

Sap velocity: We processed our sap flow data according to the methods
described in detail in section 2.4 of chapter 2. In sum, we began by applying
a standard zeroing procedure to each data stream [89] using a 5-day window.
Then, after excluding outliers (one data stream on the north slope), all remain-
ing data streams were averaged together by slope, resulting in a sap velocity
time series for an average north-slope madrone tree and an average south-
slope madrone tree. We interpret the standard deviation of our average-tree
data streams as representing total uncertainty in our measured sap velocity
magnitude (see figure 4.2).

Figure 4.2: Daily maximum sap velocities averaged (µ) for each slope, plotted
with +/-1 standard deviation (σ) reflecting spread among the data streams
for each slope’s tree population. The coefficient of variation (CV = σt

µt
, where

t=time) for sap velocities on the north slope ranges from 9.5% in mid-July, to
91.0% in mid-October. The larger south slope population exhibited slightly
wider spread in sap velocities on average; CV for the south slope ranges from
25.9% in mid-September to 86.0% in mid-October. The south slope has faster
peak velocities on average throughout most of the dry season up to the middle
of September, yet during the end of the dry season the north slope experiences
faster peak sap velocities on average. Nevertheless, as Figure 4.6 shows, the
south slope transpires more water per sapwood area even during the month of
October due to a longer diurnal cycle of transpiration.
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VPD: Temperature and humidity were both reported by a single type of
instrument (Campbell Scientific CS215, Figure 4.1, yellow stars). We aver-
aged temperature and humidity data streams by slope and then derived vapor
pressure deficit (VPD) as:

VPD = SVP(1 − RH) (4.1)

where SVP is the saturated vapor pressure (kPa) estimated as a function of
temperature by the Clausius–Clapeyron equation [11], and RH is the relative
humidity.

4.2.3.1 Insolation:

Unobstructed total (combined direct and diffuse) solar radiation is measured
in an adjacent meadow (LI-COR LI200X-L, Figure 4.1, green triangle). Scal-
ing sunlight for each slope’s environment from the meadow sensor is a key
underlying feature of our analysis. To do this, we scaled measured total solar
radiation by a theoretically-derived factor representing the relative proportion
of direct-beam radiation received by each slope, based on their unique geom-
etry. This approach is an approximation, as it does not account for the fact
that the diffuse fraction of total radiation incident upon the slopes depends
not on geometry, but rather on the sky view angle (i.e. horizons generated by
neighboring hills) of each slope. The diffuse fraction is high under cloudy skies
and at low sun angles. During our study period, clouds and fog were rare, and
sap velocities were low at dawn and dusk, so the omission of partitioning and
separately scaling diffuse radiation for each slope should not impact the bulk
of our analysis.

To derive the sunlight scaling factor for each slope, we used: 1) slope aspect,
derived from topographic maps, based on the average aspect of each sampled
tree’s location (the south slope’s aspect is 189.1°, where 180° is due south, and
the north slope’s aspect is 344.2°, where 360° is due north); and 2) the canopy
slope, derived from 12 LiDAR cross-sections of the vegetation (e.g. [53]) on
each slope (the south slope’s canopy has a slope of 21.97°, while the north
slope is steeper, with a canopy slope of 32.82°). We then computed idealized
clear-sky direct-beam solar radiation for different times and days (solar zenith
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and azimuth angles) using Python’s ‘solarradiation’ library [81], which follows
the formulation of [24].

The calculation runs as follows: At a time given by day of year n and
hour of day thour, the incident beam insolation on a horizontal surface Sflat at
latitude lat (degrees) and 0 degree longitude, is:

Sflat = SC × (1 + 0.033 × cos (360/365)) × cos θz, (4.2)

where

δ = 23.45 × sin

(
360

284 + n

365

)
, (4.3)

ω = (thour − 12)/15 × d2r, (4.4)
φ = lat× d2r, (4.5)

cos θz = cos φ cos δ cos ω + sin φ sin δ (4.6)
(4.7)

and SC = 1361 W/m2 is the solar constant, and d2r = π/180 converts degrees
to radians. δ is declination; ω is the hour angle; θz is the zenith angle.

The ratio Rb between the direct-beam on horizontal and hilly surface with
slope (in degrees) and aspect (clockwise from North in degrees) is:

Rb =
cos θ

cos θz
, (4.8)

where
cos θ = sin δ sinφ cos β − sin δ cosφ sin β cos γ + cos δ cosφ cos β cosω

+ cos δ sinφ sin β cos γ cosω + cos δ sin β sin γ sinω

(4.9)

and β = slope × d2r, γ = (aspect − 180) × d2r is the azimuth angle of the
sloped surface, and θ is the angle between the incident beam and the normal to
the sloped surface. The terms SN and SS that appear in equation 4.10 below
are Sflat ×Rb, with Rb tailored to the geometry of each respective hill slope.

This calculation was done for a flat surface (Sflat) as well as for north and
south slopes (SN and SS, respectively), using the latitude, canopy slope steep-
ness, and slope aspect estimated for each slope. Then, to obtain the approxi-
mate total insolation for each slope, we scaled the total radiation measured at
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the meadow by the scaling factor for each slope:

IN = Imeadow, observed ×
SN

Sflat
(4.10)

IS = Imeadow, observed ×
SS

Sflat
(4.11)

Figure 4.3 provides a visualization of the computed solar trajectories for our
study site and the scaling factors based on direct-beam radiation for each slope.
The relative angles of the hillslopes and solar trajectories illustrate why it is
that early in the dry season, the north slope receives more afternoon sunlight
than the south slope, and late in the dry season, the north slope gets very little
direct sunlight at all. Late in the dry season, the south slope receives more
sunlight than the flat meadow, while the north slope receives less.

4.2.3.2 Soil Moisture:

Our dense network of 14 soil moisture sensors at 30 cm (CS650 Water Content
Reflectometers, Figure 4.1, blue diamonds) shows large-magnitude variation in
soil volumetric water content at a roughly 15 m length scale, independently
confirmed by manual soil sampling (see more detailed discussion in section
2.5.2.1 of chapter 2). Analyses of soil texture and soil water retention con-
ducted by another team working at this site show that there are no significant
differences between the two slopes in these variables, rendering the relation-
ship between soil volumetric water content and water freely available to tree
roots comparable in the shallow soil layers of both slopes (D. Rempe, personal
communication). This variation in shallow soil moisture is spatially organized,
and appears to relate to the geomorphology and history of shallow landslide
disturbance in the area (W. Dietrich, personal communication). The variation
is not correlated with variation in sap velocity magnitude of proximate trees,
suggesting lateral and vertical extents of the tree roots may be accessing mois-
ture from a wider area and from deep moisture in weathered bedrock, in line
with previous findings at this site [74, 87]. Unable to observe these deep mois-
ture reservoirs, we used observations of water table dynamics from 16 wells on
both slopes to understand that, once the rains cease, the overall dynamics of
root-zone moisture are closely correlated with those of 30-cm soil moisture over
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Figure 4.3: See next page for caption.

the summer dry season (i.e., both show a steady decline). We thus consider
an area-averaged 30-cm soil moisture to be a loose proxy for deep root zone
moisture on the both slopes.

4.2.3.3 VPD:

Temperature and humidity were both reported by a single type of instrument
(Campbell Scientific CS215, Figure 4.1, yellow stars). We averaged temper-
ature and humidity data streams by slope and then derived vapor pressure
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Figure 4.3: (on previous page) A summary of the solar model. Panel a:
The solar trajectories at the latitude of the study site for the summer solstice
(6/21) and the end of the dry season (10/31), showing that the sun rises and
sets north of due East and due West for part of the dry season. The numbers
indicate local time. A LiDAR cross section of the Rivendell site is provided for
orientation. Panels b) and c): the scaling factor derived for each slope’s direct-
beam insolation relative to the meadow’s direct-beam insolation, as it evolves
throughout the day (y-axis) and the dry season (x-axis). The asymmetry in
panels b) and c) reflects the slightly westward aspect of both slopes, also visible
in Figure 4.1.

deficit (VPD) as:
VPD = SVP(1 − RH) (4.12)

where SVP is the saturated vapor pressure (kPa) estimated as a function of
temperature by the Clausius–Clapeyron equation [11], and RH is the relative
humidity.

4.3 Results & Discussion

4.3.1 Microclimate and sap velocity time series on the
north and south slopes

The observations cover the dry season (June–October) of 2018 and include
sensor-averaged VPD and sap velocities for the north and south slopes, as
well as soil moisture for the south slope. While soil moisture declines through
the dry summer, sap velocities on both slopes peak in July when 30-cm soil
moisture is ∼10%, about 1-2 months after the start of the dry season. The
north-slope insolation declines as the summer progresses into early autumn,
while insolation on the south slope remains approximately constant. VPD on
both slopes fluctuates, depending on whether winds are on-shore or off-shore,
but shows no seasonal trend (Figure 4.4).

Table 4.1 provides another view of the evolving climate over the dry season
months, looking at both the time series maxima and the climatological maxima.
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Figure 4.4: See next page for caption.

The climatological maxima correspond with the climatologies shown in Figure
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Figure 4.4: (on previous page) Time series of environmental drivers of sap
velocity for each slope. While soil moisture shows a steady decline through
the dry summer, sap velocities on both slopes peak in July when 30 cm soil
moisture is generally around 10%, about 1-2 months after the start of the
dry season. Sap velocities decrease to near zero during a rainstorm in early
October when both insolation and VPD decline, and soil moisture increases.
Thereafter both VPD and sap velocities picked up while soil moisture continues
to decline. Day-to-day variations in VPD are large, and show no significant
trend through the dry season, but insolation (approximated here as observed
total solar radiation scaled by slope and aspect as though it were direct-beam
radiation) varies substantially on the north slope over the dry season.

4.5, but the time series maxima show the extremes for the whole month, to
help set the context. For instance, in late September and October, the south
slope can become nearly 7°C hotter with 1.8 kPa higher VPD, and this climate
difference occurs in the late morning-early afternoon. In contrast, in July, the
month of peak sap velocity and cross-slope sap velocity differences, the largest
cross-slope temperature and VPD differences are less than half the magnitude
seen in October. Early in the dry season, the north slope also has a predictable
time of day during which it is hotter and drier than the south slope, in the
early evening. This is because the solar azimuth angle is north of due west
in the evening prior to the equinox (see Figure 4.3), which has a noticeable
impact on north slope microclimate until about mid-August. Evening cross-
slope differences become negligible in the later dry season, when the sun sets
closer to due West.

Table 4.1: A month-by-month summary of shifting environmental conditions
on each slope. Rows labeled “Max” refer to the maximum value observed over
the whole month, and values are reported with the date, hour, and minute
recorded. “ClmMax” refers to the climatological maximum, i.e. the maximum
of the average diurnal cycle of each variable observed over the whole month.

Sap Velocity (cm/hr) Maxima, by month:
June July August September October
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Max (N) 16.44 18.22 13.51 9.30 6.40
06-30
15:55

07-19
13:55

08-02
13:45

09-01
14:00

10-08
14:25

Max (S) 16.65 18.45 16.01 10.48 5.83
06-30
15:35

07-19
13:00

08-02
13:40

09-04
14:05

10-14
15:10

Max (S-N) 9.54 11.35 9.16 5.79 2.38
06-30
10:05

07-25
10:20

08-01
10:50

09-04
11:25

10-04
12:55

Max (N-S) 3.23 3.11 0.94 2.41 1.53
06-23
18:45

07-01
18:50

08-07
19:45

09-20
14:25

10-19
14:25

ClmMax
(N)

12.08,
14:15

15.05,
13:50

9.65,
14:20

6.30,
14:25

4.09,
14:50

ClmMax
(S)

12.62,
13:05

16.00,
12:35

11.89,
14:05

6.77,
14:55

3.83,
15:00

ClmMax
(S-N)

5.97,
10:30

9.44,
10:20

5.72,
11:15

2.99,
11:45

0.92,
12:15

ClmMax
(N-S)

1.66,
18:45

1.19,
18:40

0.46,
19:40

0.27,
18:40

0.32,
14:30

VPD (kPa) Maxima, by month:
June July August September October

Max (N) 4.66 5.13 4.21 4.13 2.27
06-30
13:55

07-18
13:55

08-18
14:45

09-27
13:35

10-14
14:25

Max (S) 4.79 5.30 4.59 4.69 3.03
06-30
13:55

07-18
13:50

08-18
14:35

09-27
12:40

10-16
12:20

Max (S-N) 0.62 0.76 0.88 1.83 1.69
06-30
20:00

07-17
11:20

08-18
10:55

09-26
10:55

10-13
11:40

Max (N-S) 0.36 0.54 0.46 0.18 0.11
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06-24
16:15

07-28
17:00

08-08
16:55

09-10
17:05

10-27
17:30

ClmMax
(N)

2.07,
15:25

3.05,
16:00

2.37,
14:50

2.09,
13:50

1.15,
14:00

ClmMax
(S)

2.12,
14:00

3.16,
13:20

2.46,
14:30

2.30,
12:40

1.56,
13:50

ClmMax
(S-N)

0.20,
09:10

0.30,
09:05

0.32,
10:25

0.56,
10:45

0.71,
11:45

ClmMax
(N-S)

0.17,
16:30

0.23,
16:50

0.18,
16:55

-0.001,
06:10

0.01,
05:40

Air Temperature (°C) Maxima, by month:
June July August September October

Max (N) 34.53 35.95 32.21 32.22 23.46
06-30
14:35

07-18
14:00

08-18
14:50

09-27
14:10

10-13
14:15

Max (S) 35.20 36.83 33.38 34.34 27.76
06-30
13:55

07-18
13:10

08-18
14:15

09-27
12:35

10-13
13:15

Max (S-N) 2.54 2.38 3.17 6.34 6.61
06-23
00:25

07-01
08:05

08-18
11:00

09-26
10:55

10-20
11:30

Max (N-S) 1.97 1.57 1.71 0.89 0.78
06-17
15:50

07-28
17:00

08-21
15:30

09-05
18:25

10-22
17:10

ClmMax
(N)

24.28,
15:20

29.67,
15:50

26.61,
14:05

24.24,
13:45

19.37,
14:25

ClmMax
(S)

24.73,
12:55

30.37,
13:20

27.34,
14:15

25.28,
13:20

21.29,
14:15

ClmMax
(S-N)

1.14,
08:25

1.44,
08:55

1.60,
09:45

2.77,
10:20

3.30,11:40

ClmMax
(N-S)

0.82,
16:30

0.90,
16:55

0.79,
16:55

−0.30,
21:20

−0.41,
05:10

Insolation (W/m2) Maxima, by month:
June July August September October
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Max (N) 774.4 841.9 654.5 475.9 347.5
06-09
16:35

07-06
14:55

08-05
13:50

09-01
13:30

10-04
13:55

Max (S) 1006 1108 1039 1096 1006
06-09
11:55

07-06
11:55

08-10
12:40

09-22
12:15

10-04
13:55

Max (S-N) 332.5 378.9 479.0 711.7 790.9
06-09
11:15

07-31
12:15

08-31
11:35

09-30
11:40

10-28
11:45

Max (N-S) 360.0 487.8 277.08 115.6 0.00
06-20
17:55

07-07
17:50

08-02
17:45

09-01
17:25

10-04
05:55

ClmMax
(N)

650.5,
14:10

613.8,
14:55

524.4,
13:50

380.1,
13:20

171.9,
13:20

ClmMax
(S)

897.5,
12:25

883.6,
12:30

890.0,
12:40

870.0,
11:40

743.9,
12:05

ClmMax
(S-N)

288.7,
11:20

300.5,
11:55

391.0,
11:45

534.8,
11:40

593.2,
10:50

ClmMax
(N-S)

320.0,
17:45

298.5,
17:50

166.71,
17:30

27.5,
17:15

0.00,
05:50

4.3.2 Microclimate and sap velocity climatologies for
the north and south slopes

Monthly climatologies of the diurnally cycling variables (i.e., all except soil
moisture) display the microclimate and sap velocity differences between the
two slopes, and provide a snapshot of how these variables evolve together
throughout the dry season (Figure 4.5). As expected from Figure 4.3, noontime
insolation on the south slope is nearly double that of the north slope from
August until October, leading to instantaneous air temperature differences of
up to ∼7°C and VPD differences of up to 1.8 kPa (Table 4.1). In the late
afternoons of early summer through mid-August, insolation is greater on the
north slope than on the south slope (see Figure 4.3), leading to brief (∼2-
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hour) periods of higher air temperature, VPD, and sap velocity on the north
slope. A symmetrical period of greater insolation in the early mornings does
not materialize, due to a slight westward aspect of both slopes (see Figure 4.1).

Figure 4.5: Monthly climatologies of diurnally cycling environmental drivers
of sap velocity for the south slope (panels of column (a)), the north slope
(panels of column (b)), and for the cross-slope differences (panels of column
(c)). Shading shows +/- 1 standard deviation of the monthly climatology, and
thus reflects the variability over the month. For all the months of the dry
season and on both slopes, air temperature (pale blue) rises and falls in close
concert with the sun (yellow), while the VPD diurnal cycle (burgundy) lags
behind, and sap velocity (purple) lags behind even further. Though cross slope
differences in sap velocity peak in July, the cross-slope microclimate differences
peak in the late dry season, in September and October.
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Both the south and north slopes show sap velocities that peak, not surpris-
ingly, around mid day. However, the south-slope sap velocity is substantially
faster than north-slope sap velocity in late morning, while the north slope flows
slightly faster than the south slope in the late afternoon and early evening in
the early summer. The cross-slope dynamics of the sap velocity diurnal cy-
cles thus reflect the cross-slope dynamics of the diurnal cycles in above-ground
microclimate.

4.3.3 Comparison of integrated sap velocity between
slopes

Figure 4.6 underscores the differences between the two slopes in timing and
amount of sap velocity in the diurnal cycle. We use time-integrated sap velocity
as a proxy for transpiration on each slope, assuming that tree populations
have equivalent sapwood area in trunks of equivalent diameter. Under this
assumption, on average, south-slope madrones transpire 20% more water per
day over their combined sapwood area during the dry season. August shows
the largest percentage differences in transpiration, with south-slope madrones
transpiring on average 32% more water per day over their combined sapwood
area during this month. While for most of the dry season the average south-
slope madrone tree moves water as fast or faster than the average north-slope
madrone tree at their respective moments of daily peak sap velocity, Figure
4.2 shows that late in the dry season the north slope madrone trees are slightly
faster, although they still transpire less per day.

4.4 Conclusions
It is known that vegetation exhibits a wide range of responses to ambient
environment. Here, we show that microclimatic variability arising from to-
pographic complexity has a substantial impact on the spatial distribution of
water fluxes. In particular, 1) There are substantive microclimate differences
between slopes; and 2) Population-level sap velocity differences between tree
populations inhabiting the north and south slopes indicate substantive tran-
spiration differences between slopes.
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Figure 4.6: See next page for caption.

This lends spatial complexity to the anticipated vulnerability of vegeta-
tion to future change. Beneath an optimum light intensity for photosynthesis,
trees living in dimmer light environments will demand less water under similar
conditions of soil moisture and VPD. However, given that trees are known to
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Figure 4.5: (on previous page) Average diurnal cycles (left panels) and cumu-
lative integrals (right panels) of sap velocity for the entire dry season (panels
in row a) and by month (panels in rows b-f). Time-integrated sap velocity,
used here as a proxy for transpiration, results in units of centimeters, which
can be understood as volume per area (right-hand axis), or put another way,
the average distance water travels up the trunks, through the trees’ combined
sapwood area. The north slope is shown in purple and south slope is shown in
orange; shading shows +/- 1 standard deviation of the climatologies, reflecting
the variability over the time period (month or dry season). The south slope
exhibits higher rates of time-integrated sap velocity, a proxy for transpiration,
beginning earlier in the day and also experiencing a longer stretch of high sap
velocity. Later in the dry season, the north slope experiences faster peak sap
velocities, although it still produces less cumulative transpiration. See Figure
4.2.

optimize growth, including type of leaf and distribution of stomata through-
out the crown space, different radiation environments, the difference in water
demanded is likely to follow from a different relationship to environmental
conditions. We explore this aspect in the next chapter.
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Chapter 5

Vegetation acclimation detected from
model parameters

5.1 Introduction
Plant transpiration is a major conduit for the transfer of water from the land
to the atmosphere [45]. The leaf-to-atmosphere link governing this water flux
is sensitive to spatially variable environmental conditions (e.g., [55, 38, 2]),
indicating a need to zoom in to the fine scale of this variability in order to
understand the future evolution of both land surface water fluxes to the at-
mosphere and ecological change. Microclimates have been found to exert a
distinct control on long-term ecosystem vulnerability, separate from evolving
macroclimate [22, 21], and yet, the influence microclimatic variations is often
omitted in models used to forecast ecosystem vulnerability, due to a lack of
data [70, 63].

The urgency of understanding the vulnerability of forest ecosystems to
changing climate conditions in arid or Mediterranean climates has been under-
scored by mass tree die-offs in western North America [4, 92, 28], and worsening
wildfire regimes around the world. Yet, the influence of natural microclimatic
variations, such as those associated with topographic position, on plant–water
relations and physiology is often omitted in models used to forecast ecosystem
vulnerability, due to a lack of data [70, 63].

Our aim is to understand how microclimates caused by topographic com-
plexity may feed back into spatial variations in tree physiology and ultimately
variations in tree vulnerability to fire or mortality under stressful conditions.
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To do this, we examine data from our field study at the University of Cali-
fornia’s Angelo Coast Range Reserve in Northern California, a site which is
now NSF’s Eel River Critical Zone Observatory, to develop a statistical anal-
ysis of vegetation function. The focus is sap flow measurements from a single
evergreen tree species, Arbutus menziesii, straddling a microclimate gradient
during the dry summer. The hypothesis guiding our study is that occupying
disparate microclimates leads to different water use habits even in a single
species of tree.

We present here a series of modeling exercises designed to investigate the
effect of disparate microclimates on water fluxes from Pacific madrone, which
is a deeply rooted, drought-tolerant, broadleaf evergreen tree. The climatic
gradient created by differences in solar radiation on adjacent north- and south-
facing slopes of a hill is used to explore the impact of variable microclimate
on sap velocities, and thus transpiration, in this species of tree. We define
microclimate by ambient air temperature and humidity beneath the canopy,
incoming solar radiation adjusted for the slope and aspect of the closed canopy,
and soil moisture measured at 30 cm.

Our study is inspired by a long history of ecological studies of plants across
resource gradients (e.g., [79, 41, 19]), including several at fine scales which
consider slope and aspect in particular [64, 51, 39, 76, 3]. The cross-slope mi-
croclimate gradient underlying our study is a ‘controlled laboratory’ to inves-
tigate the response of sap velocities to altered temperature (T), vapor pressure
deficit (VPD), and geometrically-varied light (I) regimes in particular, as other
relevant environmental factors, such as precipitation, cloud cover, underlying
lithology, and soil type, are comparable between adjacent hillslopes. Investi-
gation of water dynamics in this setting provides insight into how vegetation–
atmosphere water cycle interactions may evolve under future climates with
different temperature and VPD regimes, which contributes to more accurate
projections of anticipated water fluxes and ultimately ecosystem vulnerability
under an altered climate.

In the following sections, we present material previously published in [8],
which include our derivation of a transpiration model, our parameterization
(with a Markov Chain Monte Carlo process) of this model based on the cross-
slope differences in microclimate and sap velocity (direct quantification of these
differences described in chapter 4), and a detailed analysis of the implications



5.2. METHODS 82

of resulting parametric differences. We conclude by exploring the implications
of cross-slope differences in ecological response parameters for forest resilience
in this region under future climates, including a discussion of the limitations
of our analysis and proposed next steps.

5.2 Methods

5.2.1 Site description

This study uses data collected at the University of California’s Angelo Coast
Range Reserve (39.729N, -123.644W), a steeply sloped site hosting a forest
composed of mixed broadleaf and needleleaf evergreen trees typical of the Dou-
glas fir Pacific alliance [86]. The installations are described in chapter 2.

For the purpose of examining cross-slope differences in sap velocity, our
analysis is focused on the dry months (June–October). This time frame sim-
plifies the relationships between sap velocity and environmental conditions in
four ways: 1) we avoided conditions of post-rain leaf wetness, which could re-
sult in sunny conditions with low transpiration; 2) we simplified the correlation
of 30 cm moisture dynamics with those of deeper moisture layers, which the
trees at this site are accessing [69]; 3) we largely avoided cloudy-sky condi-
tions, enabling our simplified light-scaling scheme; and lastly, 4) during a time
of continuously declining subsurface moisture availability, we hypothesize that
above-ground microclimatic variations may have the largest impact. We focus
on Pacific madrone trees (Arbutus menziesii) because their prevalence on both
slopes at our site allows for the highest possible rate of same-species sampling.

5.2.2 Data inputs

The high-frequency data streams for June–October 2018 include the sensor-
averaged microclimate and sap velocities for the north and south slopes, as well
as the sensor-averaged soil moisture for the south slope. Figure 4.4 illustrates
what the MCMC parameterization process used as inputs. As we lacked in situ
soil moisture observations for the north slope, the soil moisture data input was
identical for both slopes in our set up, though we tested other representations.
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Figure 5.1 shows several other soil moisture states that we considered for the
north slope.

Figure 5.1: Experimental manipulations of the north slope soil moisture time
series (left side panels) reveal that under a range of hypothetical conditions,
the MCMC parameters fitted for the north slope consistently lead to functional
expressions (right side panels) that indicate a lack of soil moisture constraint.
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5.2.3 Description of sap velocity model

To quantify the relationship between sap velocity dynamics and environmental
drivers for each slope, we derived a model of sap velocity tailored to the mea-
surements available. Our derivation began from the work of [55], who, in order
to understand the seasonal dynamics of daily maximum sap velocity across
different tree species on the north slope of this site, applied the conceptual
framework of the Jarvis model [44], in which the maximum bulk canopy con-
ductance (gcmax) under ideal conditions is modulated by ambient conditions to
yield the instantaneous bulk canopy conductance, gc. Furthermore, by assum-
ing total transpiration E, approximated as E = gc × VPD, is proportional to
the normalized sap velocity vn with a proportionality constant α: E = α× vn,
they obtained the equation:

vn =
gcmax

α
× VPD × fVPD(VPD) × fθ(θ) × fI(I). (5.1)

The forms of the functions are taken from literature sources, including [57],
[27], and [90]:

fVPD(VPD) =
1

1 + VPD
D0

, (5.2)

fθ(θ) =
1

1 + exp(−β(θ − θ0))
, (5.3)

fI(I) = γ(I − 1000) + 1, (5.4)

where D0, β, θ0 and γ are parameters determined for each tree species using
daily maxima of normalized observed sap velocity, VPD, insolation and soil
moisture from February 2009 to October 2011.

Equation 5.1, developed to investigate the seasonality of normalized daily
maximum sap velocity across tree species on the same slope (and same mi-
croclimate), is not applicable for modeling the diurnal cycle during the dry
season, where hysteresis in the response of sap velocity to VPD and insola-
tion is observed [94, 32]. We modified Equation 5.1 by allowing for a lag in
the sap velocity response to diurnally cycling VPD and insolation of 1 and 2
hours previous, resulting in Equation 5.5. We chose these time frames based
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on observed lags in our data (see Figure 4.5). Because we did not see sub-
stantive diurnal variations in soil moisture θ in our data, we did not include
lagged terms for Φθ in Equation 5.5. We further modified the approach by
using sensor-averaged rather than normalized sap velocities, which provided
the best match with the scale of our environmental data (see Section 4.2.3).
Using sensor-averaged rather than normalized sap velocities and splitting the
ΦVPD and ΦI expressions into three led to scaling differences in our parameters
compared to [55], and in particular, our initial constant, the analog of gcmax/α,
has less relation to a theoretical maximum bulk canopy conductance, so for
clarity we rename it ε. The resulting model for sap velocity vs is:

vs(t) = ε× ΦVPD(VPDt,VPDt−1,VPDt−2) × Φθ(θt) × ΦI(It, It−1, It−2)

ΦVPD =
VPDt

1 + VPDt

D0

× VPDt−1

1 + VPDt−1

D−1

× VPDt−2

1 + VPDt−2

D−2

Φθ =
1

1 + exp(−β(θ − θ0))

ΦI = (γ0(It − 1000) + 1) × (γ−1(It−1 − 1000) + 1)

× (γ−2(It−2 − 1000) + 1),

(5.5)

where t is time and t−1 and t−2 denote 1 and 2 hours previous, respectively.
This results in additional parameters in Equation 5.5, D0, D−1, D−2, γ0, γ−1,
and γ−2, in addition to β and θ0.

5.2.3.1 Estimation of Slope-specific Parameters

We used Hamiltonian Monte Carlo [6], a type of Markov Chain Monte Carlo,
and the No-U-Turn Sampler [40] to derive our parameters in Equation 5.5 for
each slope. Parameter estimation used the pymc3 package in Python [78]. For
each slope, we randomly selected 20% of the data (non-sequentially) and as-
signed it to a training data set, while reserving the remainder for testing model
performance. We repeated this procedure five times, to ensure that parameter
estimates did not change substantively depending on the sample assigned to
the training data set. We used the same priors (bounded normal distributions
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bound at zero; see Table 5.1) for each model run, to ensure that emergent
parameter differences arise from relations in the data and are not forced from
priors. Our final reported parameters are the mean of the parameters arising
from each of the five parameterizations for each slope.

Our choice of priors was informed through a combination of literature
sources and empirical exploration of the data. The priors for the γ param-
eters are chosen so that the function ΦI ranges roughly between 0 and 1 over
the range of observed insolation. The prior for β is the most restrictive, and is
chosen such that both slopes will fit into a tightly curved sigmoid. The south
slope data set predictably fits a tightly curved sigmoid even with an uninfor-
mative prior, but the north slope data set, appearing to be unconstrained by
soil moisture, has the tendency to degenerate into a flat line (i.e., small β,
arbitrary θ0) if not constrained by the prior. Due to the multiplicative formu-
lation of the models, constraining the prior for β in this manner enhances the
clarity of direct comparisons made between ε and D parameters between the
final north and south slope models, but it does not impact model accuracy or
affect the explanatory power of each individual expression of the model. The
prior for θ0 is chosen based on an empirically-informed guess at the critical
soil moisture threshold that begins to constrain sap velocities. The priors for
the D parameters are chosen such that ΦV PD ranges roughly between 0 and
VPDmax. The prior for ε is chosen to be of the correct magnitude to scale the
other portions of the equation to a hypothetical maximum sap velocity.

The posterior estimates for all D parameters deviate from our prior D by
roughly a factor of ten. This is compensated by the growth of ε away from our
prior guess. Because Φθ and ΦI vary between 0 and 1, the scaling of modeled
sap velocity depends on the product of ΦV PD and ε, which is responsible for the
inverse relation in their respective deviations from our priors. Embedded into
our priors for ε and D is a hypothesis about the nonlinear relationship between
sap velocity and VPD. Smaller D parameters would increase the curvature of
ΦV PD, and decrease the magnitude of the function overall. The posteriors of
ΦV PD’s D parameters and ε imply that the effect of VPD on sap velocities
seen in our observations is less linear and “saturates" more quickly than our
prior parameters would indicate. In essence, the priors were performing as
intended: namely, we had included an adequate amount of uncertainty into
them, such that the MCMC process could still arrive at an optimal solution.
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We determined this based on the strong performance of the resulting models,
and also based on the types of errors the models contain. The very weak
correlations of the error term with VPD (see section 3.3.1) further support the
parameters estimated by the MCMC process.

5.3 Results & Discussion

5.3.1 Model Parameters

The probability density distributions of the Equation 5.5 parameters estimated
for the north and south slopes are shown in Figure 5.2. The means and standard
deviations of the priors and posteriors of the parameters are shown in Table
5.1.

Table 5.1: Priors for our MCMC parameterization, and the resulting pos-
teriors. All runs began with identical priors. Posterior means and standard
deviations are derived from five separate runs, each using a randomly selected
20% of datapoints.

MCMC parameters

Prior mean Prior SD Posterior mean Posterior SD
South Slope:
ε 6 60 900 26.0
D0 3.0 1.0 0.380 1.88E−2
D−1 3.0 1.0 0.330 1.92E−2
D−2 3.0 1.0 0.223 9.61E−3
β 160 6 163 2.32
θ0 0.07 0.01 7.28E−2 8.59E−5
γ 6.0E−4 2.0E−4 6.83E−7 6.81E−7
γ−1 6.0E−4 2.0E−4 8.30E−4 2.89E−6
γ−2 6.0E−4 2.0E−4 1.20E−6 1.20E−6
North Slope:
ε 6 60 779 30.5
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D0 3.0 1.0 0.216 1.42E−2
D−1 3.0 1.0 0.344 2.43E−2
D−2 3.0 1.0 0.801 3.02E−2
β 160 8 163 5.94
θ0 0.07 0.01 3.08E−2 3.99E−3
γ 6.0E−4 2.0E−4 4.30E−4 1.00E−5
γ−1 6.0E−4 2.0E−4 6.08E−4 1.43E−5
γ−2 6.0E−4 2.0E−4 5.05E−4 1.76E−5
Soil Moisture Experiment:

Uniform +2%, Non-linear +5%
ε 6 60 780 30.4
D0 3.0 1.0 0.215 1.41E−2
D−1 3.0 1.0 0.344 2.42E−2
D−2 3.0 1.0 0.800 3.02E−2
β 160 6 160 5.98
θ0 0.07 0.01 6.94E−2 9.62E−3
γ 6.0E−4 2.0E−4 4.30E−4 1.00E−5
γ−1 6.0E−4 2.0E−4 6.08E−4 1.44E−5
γ−2 6.0E−4 2.0E−4 5.07E−4 1.76E−5

The resulting parameters for each slope show key differences in response to
environmental drivers. With the VPD parameters D0, D−1 and D−2, a larger
parameter value points to a greater sap velocity sensitivity to the variable (see
Equation 5.5). The south slope has D0, D−1 and D−2 values of 0.38, 0.33,
0.22, respectively, suggesting that south-slope sap velocities are most sensitive
to instantaneous VPD, but also to VPD from 2 hours prior, though lagged
VPD plays a slightly smaller role. The corresponding values for the north
slope are 0.22, 0.34 and 0.80, suggesting that on the north slope VPDt−2 has
the largest influence on sap velocities.

For insolation, the γ0 and γ−2 for the south slope are near zero, suggesting
that sap velocities there respond mainly to insolation of the past hour (It−1).
For the north slope, the results suggest that sap velocities are sensitive to
contemporaneous insolation as well as insolation of the past two hours, as γ0,
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Figure 5.2: Posterior distributions of fitted model parameters for the north
slope (blue) and south slope (orange). Results from each of the five randomly-
selected training datasets are shown as dotted lines, and the mean as a bold
line. Different subsets of data (k1-k5) used to parameterize the model result
in very little difference in the fitted parameters, which is demonstrated in the
narrow spread among the thin dotted lines.

γ−1 and γ−2 have comparable values.
For soil moisture, β controls the slope of the sigmoid, and θ0 controls the

midpoint. When soil moisture data input is identical for both slopes, β is
similar between the two slopes, while θ0 for the north slope is lower than that
of the south slope by a factor of two. The partial function Φθ (see Figure S2,
panel d) shows that while soil moisture is a strongly limiting factor on south-
slope sap velocities below ∼10%, it causes no such limitation for north-slope
sap velocities. Because soil moisture creates no constraint on sap velocities in
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the north-slope model, there is less certainty in the exact parameter values, as
seen in the larger spread of the north-slope parameters β and θ0 compared to
the south slope (Figure 5.2).

5.3.1.1 Parameter sensitivity to north-slope soil moisture
scenarios

As mentioned in Section 4.2.3, we lack surface soil moisture observations on the
north slope. This missing data leaves the true values of β and θ0 uncertain on
the north slope. Because of the multiplicative model formulation, differences
in these parameters and the value of the Φθ function could, in turn, impact
the values of the other expressions and parameters in Equation 5.5, rendering
the entire north-slope sap velocity response to microclimate uncertain. Our
field experience and our sap velocity data streams show that north-slope soils
are as wet or wetter than those of the south slope, presumably due to unequal
evapotranspiration demand. Therefore, the north-slope soil moisture scenarios
we explored in our sensitivity experiments began with the south-slope data
stream and increased the soil moisture in both uniform and non-uniform ways.
The scenarios were as follows: 1) we added a uniform 5% increase to observed
south-slope soil moisture; 2) we adjusted the rate of soil moisture decline to half
of the rate observed on the south slope, which amounted to a +5% difference
in soil moisture by the end of the dry season; 3) we adjusted the rate of soil
moisture decline to one third of the rate observed on the south slope, which
amounted to a +7% difference in soil moisture by the end of the dry season; and
lastly, 4) we added a uniform 2% increase to observed soil moisture, and then
additionally adjusted the rate of soil moisture decline to half of the observed
rate, which amounted to a +7% difference in soil moisture by the end of the dry
season. We then reran the north-slope MCMC parameterization process with
these alternative soil moisture states, and compared them with a standard
run in which we matched soil moisture for both slopes to the area-averaged
south-slope moisture state.

We found that between the standard and sensitivity experiment parameter-
izations, none of the final parameters changed substantively except θ0 (Table
S2). The changes in θ0 that resulted do not change the shape of Φθ, but rather
shift it along the θ-axis, tracking the new (higher) seasonal minimum implied
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by the alternative moisture scenarios (see Figure S2). The function Φθ did not
decline below a value of 1 throughout the seasonal range of moisture hypoth-
esized in each scenario. Thus, we conclude that, in our model formulation,
the relations among the north-slope data streams indicate no sap velocity con-
straint by soil moisture, and that this conclusion is not sensitive to a plausible
range of soil moisture states for the north slope.

5.3.2 Model performance

With slope-specific parameters in combination with slope-specific microclimate
data streams, we computed model sap velocities for north and south slopes.
From our final parameter distributions for each slope, we sampled 10,000 sub-
sets of parameters, which, combined with the environmental data streams,
generated an ensemble of modeled sap velocity time series consistent with the
uncertainty in the model parameters for each slope. These ensembles were then
used to generate the modeled sap velocity climatologies and modeled daily in-
tegrals reported in Figures 5.3 and 5.4.

To assess model performance, we used root mean squared error (RMSE),
a scale-dependent measure, as well as normalized root mean squared error
(nRMSE), a scale-independent measure:

RMSE =
(Nobs∑
n=1

(v̂s,n − vobs,n)
2

Nobs

)1/2
, (5.6)

nRMSE =
RMSE(

vobs,max − vobs,min)
; (5.7)

v̂s,n and vobs,n are the modeled and observed sap velocities, respectively.
The modeled sap velocities compare well with those observed. The model

captures 88% and 89% of the June–September daily integrated sap velocity on
the north and south slopes, respectively. The performance of the daily integrals
deteriorates to 77% for both slopes when October is included. The reasons for
this are addressed in Section 5.3.2.1.

A comparison of the mean diurnal cycle of the sap velocities and their dry
season integrals is shown in Figure 5.4. The nRMSE is 4% and 5% for the north
and south slopes, respectively, and increases to 5% and 6% when data for only
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Figure 5.3: See next page for caption.

7am to 10pm are included (i.e., the dynamic portion of the day). The models
capture 75% of the cross-slope difference in seasonal integrated sap velocities.

In summary, Equation 5.5 with the slope-specific parameters captures the
main features of the observations.

5.3.2.1 Examination of residuals & limitations of analysis

The month of October stands out as a period of systematic error in Figure
5.3. There are several reasons. Firstly, the representation in a rough terrain
of sunlight on the slopes scaled from a flat meadow observation becomes less
accurate as the solar arc becomes lower in the sky (i.e., closer to the winter
solstice). This is because the diffuse fraction of radiation becomes significant at
low sun angles, when shading from neighboring hills, especially in early morning
and late afternoon, plays an important role. In particular, the hill-shading
received by our meadow-based light sensor begins substantially earlier in the
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Figure 5.3: (on previous page) Daily integrated sap velocity yields a daily dis-
tance that water moves up the tree trunks over the combined sapwood area of
the study population for each slope, which serves as a proxy for daily transpi-
ration. Here we plot modeled (light blue lines with red dashed line representing
the mean model run) and observed (orange line for the south and dark purple
line for the north) daily integrated sap velocity for each slope, with the bars
underneath representing both the absolute error in the model (black bars, units
of cm) and the percentage error (light grey bars, unitless). The spread among
the model runs is a visual indication of model uncertainty arising from spread
in the parameter estimates. Error is computed relative to the magnitude of the
observations, with positive errors indicating a model underestimate and nega-
tive errors indicating a model overestimate. The month of October is greatly
underestimated due to seasonal shading of the light sensor positioned in the
meadow, which is not representative of the tree environment. For the north
slope, the model is able to capture 77% of dry season integrated sap velocity,
and 88% of June–September integrated sap velocity. For the south slope, the
performance is similar, with 77% of dry season integrated sap velocity and 89%
of June–September integrated sap velocity represented.

day, in the late dry season, than the shading experienced by the trees under
observation, which are positioned at a higher altitude. These factors account
for the model predictions of sap velocity being artificially low compared to
observations, as they are based on 1) a solar day in the low meadow that is 1-2
hours shorter than the trees on the slopes experience, and 2) insolation scaling
appropriate for direct-beam insolation only, even though the fraction of diffuse
radiation is potentially high or unequal between the slopes due to shading from
neighboring hills on late October afternoons. Secondly, we note that October
began with a rain storm which was the only substantive moisture input during
the period under observation. This rain event likely altered the relationship
between surface and deep moisture reserves compared to the rest of the dry
season, confounding the relationship between our 30-cm soil moisture data and
the deeper root zone moisture available in the month of October.

Apart from the month of October, the errors seem randomly distributed.
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Figure 5.4: Performance assessment of models relative to the dry season average
diurnal cycle. Dry season climatologies of 10,000 model runs are in pale blue,
with the mean in red, and observed sap velocity in orange for the south and
dark purple for the north. The spread among the 10,000 model runs is a visual
indication of model uncertainty arising from spread in the parameter estimates.
The normalized root mean square error (nRMSE) of the model comparison to
observations is computed relative to the mean of the model runs, and is roughly
4% and 5% for the north and south slopes respectively (top two panels); if error
is computed only over the active portion of the diurnal cycle (7am-10pm), this
rises to 5% and 6% nRMSE for the north and south models respectively. The
models are able to capture 75% of the observed difference in time-integrated
sap velocity between the slopes (bottom panel).
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We looked for, but did not find, correlations with wind speeds both in the time
series and integrated over days. However, we can identify loose correlations of
the residuals with daily integrated VPD. This suggests that there is a slight
bias in our model towards overestimating sap velocity on exceptionally dry
days, and underestimating it on more humid days.

5.3.3 Sensitivities of Sap Velocities to Microclimate

At the heart of our analysis is the question of whether cross-slope differences in
sap velocity are proportional to the cross-slope differences in microclimate, or
whether population-level differences in physiological function also play a role.
Though the individual parameter differences in our sap velocity model suggest
population-level differences in water usage sensitivity to environmental drivers,
we sought a more intuitive way to understand these parameter differences in
aggregate. To understand the disparate sensitivities of sap velocity to micro-
climate between these two populations, we carried out two sets of experiments.
The first involved supplying the same diurnal cycle of VPD and insolation for
both slopes and examining each functional expression of the model separately.
In the second set of experiments, we performed a series of ‘climate swaps’ in
which the model for one slope was given the total microclimate, or VPD and
insolation alone, of the other. These are described below.

5.3.3.1 Model Experiment 1: same microclimate

In the first set of experiments, we computed mean diurnal cycles of VPD and
insolation for the south environment in July, and used these mean cycles as
inputs to ΦVPD and ΦI for both slopes (see Equation 5.5). Figure 5.5 shows
the hysteresis loops in the sap velocity responses. For the same VPD diurnal
cycle, the north-slope model’s ΦVPD attributes more sap velocity amplitude
variations to variations in VPD than does the north slope model. Also, at
every value of VPD, the north-slope model has a larger sap velocity response
than the south-slope model. This shows that the north-slope model has both
a higher baseline response to VPD as well as a higher proportional response to
increases in VPD than the south-slope model.
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Figure 5.5: Partial expression plots of Equation 5.5 show differing sensitivity
to environmental drivers among the two populations (right side panels), when
fed identical data streams (left side panels). The north slope model is more
sensitive to VPD, and less sensitive to soil moisture and insolation, indicating
that the trees on the north slope do not feel additional transpiration constraint
from drying soils over the course of the dry season, beyond that imposed by
the light limitation.

The south slope ΦI has higher values than the north slope over the range of
observed sunlight, and covers a slightly larger range on the y-axis. This implies
that modeled sap velocity on the south slope has a higher baseline response to
sunlight, and a slightly more sensitive response to increases in sunlight.
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Lastly, the south slope’s soil moisture function shows soil moisture to be
a limiting factor on sap velocities, while conversely the north slope shows no
moisture constraint, within the range of observed soil moisture over the whole
season.

Taken together, the model results indicate population-level differences in
response to environmental drivers of transpiration. This is explored further in
Section 5.3.4.

5.3.3.2 Model Experiment 2: Influence of parameters vs
microclimate

In the second series of experiments, we exchanged some or all of the experienced
microclimate between the models for each slope, as a way to observe the dif-
ferences in environmental responses between the two models. This experiment
is visually summarized in Figure 10.

The north-slope model substantially overestimates sap velocity in the south-
slope microclimate, and the south-slope model underestimates sap velocity in
the north-slope microclimate. Further, exchanging VPD environment while
maintaining the native light environment makes very little difference; in con-
trast, exchanging the solar radiation environment while maintaining the native
VPD environment makes a large difference to modeled sap velocities. Lastly,
artificially increasing soil moisture increases the sap velocities on the south
slope, but not the north slope.

The individual responses to environmental drivers, ΦVPD, Φθ, and ΦI (Fig-
ure 5.5) show that the overestimation of sap velocities by the north-slope model
in the south-slope microclimate is not associated with a stronger response to
light from north-slope trees, but instead with firstly a lack of moisture limita-
tion on sap velocities, and secondly with a stronger response to VPD. Once the
north-slope model is freed from its light-limited environment by using south-
slope insolation, the added vigor of its VPD response compared to the south-
slope model becomes clear.
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Figure 5.6: (See next page for caption.)

5.3.4 Interpretation of sap velocity model results

The divergent parameterizations indicate different physiological responses to
environment between the two slopes, after controlling for inhabited microcli-
mate. None of the parameters in our model is a direct metric of a particular
physiological property of the trees, but they do represent an aggregation of
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Figure 5.10: (Figure on previous page) Using the slope-specific models in the
opposite slope’s microclimate shows the differences in response generated by
the two parameterizations to the same microclimate. Case 1 shows that the
north model in a south microclimate (dotted green line) has a more vigorous
response than both the south model (dashed red line) and the observations
(solid black line) in the same microclimate, while conversely Case 2 shows that
the south model in a north microclimate (dotted green line) underestimates
both the north model (dashed red line) and observations (solid black line) in
the north microclimate. Cases 3-8 break down the sensitivity by examining
the impact of exchanging only one environmental variable at a time. While
exchanging only the VPD portion of the microclimate between the two slopes
makes almost no difference to the sap velocities estimated by each model (com-
pare the dashed red and dotted green lines in Cases 3 and 4), exchanging the
solar radiation environment makes a large difference (compare the dashed red
and dotted green lines in Cases 5 and 6). Furthermore, reiterating Figure 5.5
panel (e), Cases 7 and 8 show that increased soil moisture increases predicted
sap velocities in the south model, but not in the north model. The estimation
by the north model of faster sap velocities than the south model in the south
microclimate (Case 1) is due in roughly equal measure to the north model’s
lack of soil moisture constraint and more vigorous response to VPD. The ra-
diation exchange (as seen in isolation in Cases 5 and 6) appears to produce
most of this result because it frees the north slope model from serious light
limitation.

functional or “behavioral” differences, integrated across all mechanisms that
influence sap velocity response to ambient environment [44, 57]. Extrapola-
tions of disparate physiological properties between the two tree populations
from the differences in the models’ parameters are speculative, but we explore
these speculations to begin a discussion about the degree and kind of acclima-
tion that may exist between trees on differing slope aspects. We consider the
differences in each partial function Φ in turn.

VPD: Comparison of ΦVPD in each model indicates that north-slope mad-
rones are more sensitive to shifts in VPD than their south-slope counterparts
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(Figure 5.5). This is corroborated by several lines of reasoning. Firstly, be-
cause of the stark differences in light environment between the two slopes of the
hill, we expect that the relative abundances of sun-adapted and shade-adapted
leaves differ in the overall composition of the madrone canopies representing
each slope’s population, with the north slope presumed to have more shade-
adapted leaves than the south slope. There is a substantial body of litera-
ture describing the physiological differences between sun-adapted and shade-
adapted leaves [10, 52], but because these differences are usually described in
terms of carbon assimilation rather than water use, relating them to differences
in transpiration dynamics between the two populations is challenging. To do
this we would need information about relative water use efficiencies. This ties
in with the second likely difference between the populations: differing canopy
architectures along the lines of what is typical of sun-rich vs. shade-rich pop-
ulations likely lead to differing light exposure regimes, which in turn could
impact water use efficiencies on a population level. If, for instance, the propor-
tion of leaf area accessing direct sunlight as opposed to indirect light, or even
sunflecks, is less on the north slope, the north-slope transpiration dynamics
could be expected to be based on lower water use efficiencies, due to differing
strategies of stomatal regulation [49, 91]. Woody vegetation using sunflecks as
a light source have been shown to leave stomata open during moments of low
light in order to assimilate the most carbon when leaves are illuminated [82,
72, 50]. Thus, such differences in canopy architecture could result in tighter
coupling between sap velocity and VPD in north-slope canopies, due to the
likely prevalence of exposed stomata on leaves that do not continuously ex-
perience the top-of-canopy sunlight dynamics. While the impact of differing
proportions of sun-adapted vs shade-adapted leaves is obscured by an inability
to resolve the exact mechanisms involved, we do suspect that this also plays
a role in shaping the differences we observe. We thus speculate that, due to
both lower light levels and disrupted exposure to what light there is, north-
slope trees are comparatively profligate water users even in the midst of the
dry summer, preferring to maximize carbon assimilation rather than conserve
water.

Soil Moisture: Φθ indicates that north-slope madrones are not water lim-
ited over the dry season. In our model, artificially increasing soil moisture for
the north slope (i.e., ‘watering’ the trees) does not lead to increased sap veloc-
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ity (see Figure 5.6, panel h). Nor does artificially increasing the soil moisture
feeding into the MCMC algorithm alter the resulting north-slope parameters
in meaningful ways (Figure S2). We hypothesize that this is because there is
greater plant-available moisture on the north slope. The north slope has a deep
water table (20 m) and a thick layer of weathered bedrock, and it has been
shown to store around 30% of subsurface moisture in the vadose zone [74, 87].
While there is evidence that trees on both slopes use this deep ‘rock moisture’
in the vadose zone for part of the dry season [68], we have less data about the
subsurface structure on the south slope, and data on respective rooting depths
between the two populations is inconclusive [68]. However, the stronger sun-
light on the south slope leads to higher evaporation, and the sap velocity data
shows that the south slope trees cumulatively extract more water. Even if
the subsurface structures and rooting depths were similar, there would be less
soil moisture availability on the south slope. Also, the north-slope madrones
grow in closer proximity to Douglas firs, which are known to exhibit hydraulic
redistribution [15, 14], further contributing to increased moisture availability
in the north-slope rooting zone.

Insolation: ΦI indicates that south slope madrones have moderately higher
sensitivity to insolation, and a larger response at every level of sunlight than
the north-slope function (see Figure 5.5, panel c). The higher sensitivity in the
insolation response on the south slope could be explained by factors similar to
those influencing VPD response, namely a higher fraction of leaves exposed to
direct light, leading to stomatal regulation strategies that are more in phase
with changes in light than those on the north slope. The upwards shift in the
magnitude of the response could be explained by higher proportions of sun-
adapted leaves in the south-slope trees, which, due to their enhanced stomatal
area [10], could have higher rates of water use at every level of light intensity.
To summarize the complementary hypotheses around stomatal area embedded
in our interpretations of ΦVPD and ΦI , we hypothesize that due to speculative
population differences in tree architecture, stomatal area, and stomatal regulat-
ing behavior (made possible by below-ground differences in water availability),
1) the north-slope trees have a larger area of stomata exposed under conditions
that combine lower light and higher VPD than their south-slope counterparts,
who, being moisture limited, close their stomata under these conditions; and
2) south-slope trees have a larger area of stomata exposed under conditions
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that combine higher light and lower VPD, which do not occur on the north
slope.

5.4 Conclusions
It is known that different species of vegetation exhibit a wide range of re-
sponses to ambient environment. Here, we show that even within a single
species, substantial variation in environmental response can exist, which in
turn may vary the functional role that species plays in biogeochemical cycles,
and future vulnerability to a range of stressors. In particular, 1) There are
substantive microclimate differences between slopes; 2) Population-level sap
velocity differences between tree populations inhabiting the north and south
slopes indicate substantive transpiration differences between slopes; 3) A sap
velocity model parameterized only with ambient microclimatic conditions cap-
tures sap velocity for our site well; and 4) The parameter differences in our
sap velocity model represent different responses to ambient environment, and
imply functional differences in tree physiology, between the two populations.
This is suggestive of acclimation to inhabited microclimate.

Our results strongly hint at acclimation in leaf and canopy structure and
differing stomatal regulation strategies (as in [88]) between the two populations
of trees. We suggest that north-slope trees, limited by sunlight rather than soil
moisture, have developed their canopies and stomatal regulation strategies to
optimize for light capture while spending water more profligately than their
south-slope counterparts. Through this optimization, the north slope may be
presumed to have different rates of carbon fixation per area of leaf and unit
water transpired. This has implications for understanding water and carbon
fluxes from forests today, and also for anticipating population-level profiles of
vulnerability to future conditions.

Climate change is expected to alter current regimes of temperature (in-
crease, [77]), VPD (increase, [36]), precipitation (slight increase, although with
decreased water availability, [77, 93]), and cloudiness (unknown direction of
change, [93]) over California. All three of these changes impact the environ-
mental covariates in this model. The model results suggest that the south
slope trees become severely water limited by the end of the dry season, and
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thus further water limitation may either limit their growing season, or create
conditions that limit their performance. In contrast, on the north slope, the
trees do not appear to be water limited. However, it is unclear whether this
makes them more resilient to a hotter or drier future. In our interpretation
of parameter differences, north-slope trees likely rely on much higher rates of
water usage in order to assimilate carbon. If water becomes a limiting re-
source in the north-slope microclimate in the future, and VPD levels continue
to increase, these north-slope trees may be closer to crisis, choosing between
cavitation or carbon starvation, than the south-slope trees would be under a
more limited growing season [88, 36].

More measurements are needed to elucidate specific mechanisms underlying
the parameter differences we have found. Measurements of photosynthesis/gas
exchange on the leaf level, or chemical analyses of leaf tissues including C:N
ratios or isotopic composition, could help shed light on physiological differences
in leaves between populations. These measurements were not practical in our
study given our lack of canopy access, but more measurements on these trees,
or parallel investigations in a greenhouse, could be useful as a future study.
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Chapter 6

Explorations with the FATES vegetation
demography model

6.1 Introduction
Solar radiation differences generate different microclimates across adjacent
north- and south-facing slopes in the mid-latitudes, which is one mechanism by
which inhabited topography impacts plant function. My high-frequency mea-
surements at the Angelo Coast Range Reserve in northern California’s North
Coast Range documented the different microclimates and co-varying tree water
use across a hill slope divide during a dry Mediterranean summer. These mea-
surements showed that transpiration of a single tree species is higher on the
drier, sunnier south-facing slope [8]. Analysis with an environmental response
model revealed that these transpiration differences result from different sensi-
tivities of their water use to environmental conditions. We interpreted these
differences in how the trees of each slope were responding to their microclimates
to be a signature of long-term (1-10 year) acclimation to the microclimate,
which is an under-observed time scale of vegetation functional plasticity.

The environmental sensitivities in water use that differ between the two
populations of trees include the responses to vapor pressure deficit (VPD),
sunlight, and soil moisture. Given the unquantifiable differences in average
total root zone moisture between the two populations, we concluded that the
different sensitivities to soil moisture indicated in the environmental response
model are best understood as indicating different transpiration-limiting con-
ditions rather than different vegetation tolerances. Specifically, we suggest
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that less-abundant sunlight limits the rate of transpiration on the north slope,
which, due to its geometric orientation, receives both less-intense direct-beam
radiation and shorter day lengths than neighboring flat regions or south-facing
slopes, and that this causes the north-slope tree populations to avoid condi-
tions of soil moisture limitation. We suggest that the south slope population,
experiencing abundant sunlight, is instead limited by soil moisture. We fur-
ther hypothesized that the differing responses to VPD and sunlight seen in the
two populations were generated by differences in canopy structure, including
different quantities and distributions of sun and shade leaves, that developed
in response to the populations’ respective microclimates.

To explore what kinds of acclimation might be taking place, we carried out
a sensitivity experiment focused on sunlight variation in a model with a rich
vegetation parameter space, the Functionally Assembled Terrestrial Ecosys-
tem Simulator (FATES). FATES is a terrestrial ecosystem model that simu-
lates growth and competitive processes of plants to predict resulting functional
differences in vegetation structure. FATES renders vegetation by size class, ver-
tical canopy position, and sun- and shade-leaf fraction, making it a suitable
test-bed for our hypotheses about long-term acclimation in canopy structures.

This chapter describes the model context and forcing data, compares the
forcing data with in situ data from Rivendell, and reports on the results of the
light-sensitivity experiment. We examine the forest composition, structure,
water flux amount, and carbon- and water-use efficiencies resulting from the
experimental runs, wherein we varied sunlight intensity. We draw comparisons
with field data where possible, but acknowledge that further measurements are
needed to constrain these comparisons, particularly in vegetation water fluxes.

6.2 Tools

6.2.1 FATES

FATES [30] is vegetation-focused model that can be run as a sub-module of
the Community Land Model (CLM), which is the land surface component of
NCAR’s Community Earth System Model (CESM). FATES is based on the
Ecosystem Demography concept, in which a traditional bulk canopy (i.e., big
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leaf, or two big leaves) model representation of vegetation is replaced with vege-
tation units structured with distinct size and age classes across plant functional
types (PFTs). With these components, FATES aims to simulate economic and
competitive processes approximating individual plant dynamics at the stand
level. Notable past research with FATES focused on tropical forest ecosystems
(e.g., the NGEE-tropics collaboration, https://ngee-tropics.lbl.gov/). Because
parameterizations of vegetation processes can vary by species and biome, a
past research focus on the tropics has made FATES especially suited to sim-
ulating those ecosystems. Mediterranean forest processes within FATES have
been relatively less studied.

Figure 6.1: A comparison of complexity in model vegetation schemes, high-
lighting the added realism in forest structure rendered by FATES. Figure re-
produced from US Department of Energy FATES Technical Highlight [9]

A challenge of working with process complexity in a model like FATES,
which is focused on a system whose parameterizations are still a matter of
active research, lies in interpreting results. Given that the encoded processes
and their parameterizations are an approximation of certain processes within
Earth’s forests, FATES’s forests can be thought of as forests on an ‘alien planet’
which resembles Earth in some useful ways, but not in every way. Determining
whether phenomena of the ‘alien planet’ are relevant to forests on Earth is
aided by the different modes in which FATES can be run. To tease apart
the impacts of multiple interacting processes operating at different timescales,
FATES can be run in modes that emphasize either fast vegetation processes or
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slow vegetation processes, by holding the other set artificially constant. Inter-
comparison among sets of runs with different settings can demonstrate which
processes or sensitivities are governing the observed dynamics on the ‘alien
planet’. FATES also has modes to interface directly with satellite observations,
which can replace the model’s computation of evolving stand structure. In this
mode, the model’s fast processes are anchored to real-world forest extents and
stand structures, which change over time as the observations dictate.

In the exploratory research described in this chapter, we are running FATES
in a default mode, with all processes operating. The forest structure is grown
from bare earth, and not informed by satellite data. This mode is suitable for
initial exploration of model dynamics, but does not provide results that fully
address our research questions aimed at teasing out the mechanisms behind
acclimation to microclimates.

6.2.1.1 Model Grid representation of forest

FATES operates within CLM. CLM’s processes begin with a gridcell, which is
separated into different landunits characterized by a terrain type (e.g., lake, ur-
ban, crops, natural vegetation), which themselves can be broken into columns
which can contain multiple functional units, such as soil or multiple plant
functional types (PFTs). A FATES site starts with a CLM column that has
vegetation, and further resolves that columns’ functional units (e.g., one partic-
ular PFT) into patches based on vegetation age. These patches, which are not
spatially distributed, are then separated into cohorts based on the vegetation’s
vertical position in the stand. FATES thus adds information about age classes
and size classes, which offers greater resolution in simulating competition for
resources for growth. Tree canopies follow the perfect plasticity approximation,
and fully fill all gaps. This means that the top canopy layer fully intercepts in-
coming light, and the trees in the lower canopy layer (understory) all share an
identically reduced light environment. Individual plants, and their associated
biomass, can transfer whether they belong to the higher-light upper canopy
layer or the lower-light understory layer through ‘promotion’ and ‘demotion’
as they grow taller or get crowded out by other individuals.
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6.2.1.2 FATES PFTs and parameters:

FATES contains 12 distinct plant functional types (PFTs), including 6 types
of tree, 3 types of shrub, and 3 types of grass. To approximate the forest
composition of the north coast range in California, we ran our simulations with
only three PFTs, all trees: extra-tropical broadleaf evergreen (BE), broadleaf
cold-deciduous (BD), and extra-tropical needleleaf evergreen (NE) trees.

FATES’s processes interface with 222 parameters. Some of these charac-
terize the whole grid cell (e.g., soil salinity, or flags to indicate which processes
are allowed to run). Others, such as an allometrically determined fraction of
woody biomass that a plant keeps above ground vs. below ground, are spe-
cific to each PFT. Some of the parameters are unique to processes that exist
in subroutines that can be toggled on and off, such as a mode with added
hydraulic resolution (FATES-hydro), or a mode which simulates wildfire dis-
turbance (FATES-spitfire).

Among the parameters which differentiate the PFTs, many have common
values among the three PFTs used in our model runs, and only ∼20 param-
eters actually contained different values across these three types of tree. Of
these differing parameters, the four that are likely to be the most important
in differentiating competitive function among the three PFTs in our runs are
leaf longevity, the maximum rate of carboxylation by rubisco (Vc,max), specific
leaf area, and the slope parameter of the Medlyn stomatal conductance model
(stomatal slope) [62, 30].

6.2.2 NLDAS-2 forcing data

The North American Land Data Assimilation System Phase 2 (NLDAS-2) [66]
forcing data is a set of observation-based historical climate data, structured
to match what climate models need as inputs to initialize their processes.
The data set is derived from multiple observation sources, including satellite,
land-based, and airborne measurements, with gaps in coverage interpolated by
models. Its coverage extends over the contiguous united states at a spatial
resolution of 1/8th degree, with hourly observations extending from 1979 to
the present.

In our model runs, we used NLDAS-2 data extending from 1980 to 2018.
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Because the year 2018 overlaps with the time period of ground-based obser-
vations in many of the same variables available from the Angelo Coast Range
Reserve, we did a comparison to determine how well the NLDAS-2 data char-
acterize the climate of our field site. We focused on the non-rainy month of
June. Figure 6.2 shows the comparison.

The higher peaks of solar radiation and lower amplitude of daily tempera-
ture oscillation seen in the NLDAS-2 data may be characteristic of conditions
higher in the atmosphere than our in situ measurement site, as higher eleva-
tion could indicate a lower atmospheric optical depth (accounting for higher
radiation peaks), and greater distance from the earth’s surface would reduce
temperature fluctuation. Over the spatial resolution of NLDAS-2 data, the
altitude variation around our hilly field site is substantial, so altitude-based
differences between our in situ observations and an average representation of
conditions for the whole region are plausible. It is less clear why the in situ
humidity conditions stand out as noisier in our in situ observations, with a
consistent mid-day dip in water vapor partial pressure. The NLDAS-2 data
still appear to agree with the regional weather patterns recorded in the in situ
data.

Whether this set of forcing data exactly matches what the vegetation at
Angelo experience is not relevant to most of the work documented here, but
could be relevant to interpreting our comparison of transpiration fluxes in the
model forest in integration year 174 (receiving NLDAS-2 forcing from year
2018) and at our field site in 2018. To that end, we highlight that the combined
differences in temperature and humidity result in substantive differences in
VPD conditions between the NLDAS-2 data set and our field observations.
The higher overnight VPD in NLDAS-2 could generate un-physical overnight
vegetation water loss (>0.5 kPa VPD at night is considered to violate the
assumption of zero-flow sap velocity conditions), while the lower evaporative
demand in the daytime would underestimate vegetation water loss.

6.3 Light response experiment
Our first exploratory step involved a thought experiment to determine the
sensitivity of vegetation stand structure, and hence water and carbon fluxes,
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Figure 6.2: NLDAS data matches well with the ground-based observations at
Angelo Coast Range Reserve during the month of June 2018.

to light gradients alone.
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6.3.1 Methods

To carry out the light response sensitivity experiments, we selected the four
NLDAS-2 grid points nearest to Angelo Coast Range Reserve (39.729°N,
123.644°W). These four points create a region 13.9 km (latitudinal distance)
by 10.7 km (longitudinal distance), with our observational site roughly in the
center. At each grid point, FATES simulated forest growth under three varia-
tions of solar forcing: the Standard case uses default NLDAS-2 solar radiation.
The other two solar forcing cases multiply the Standard radiation by a factor
derived from the ratio of clear-sky direct-beam light intensity for the geom-
etry of the North and South slopes to that of a flat meadow (cf Figure 4.3
in chapter 4). This follows the procedure described in chapter 4.2.3.1. This
produced simulated north- and south-slope radiation environments, which are
substantially different year round (see figure 6.3). Because sunlight was the
only aspect of the forcing that we perturbed, all other variables (e.g., air tem-
perature, humidity, rain) at each grid point are the NLDAS-2 values, and are
identical across the three different cases of solar forcing. Surface features, such
as topography and soil texture and hydrological properties, derive from sev-
eral sources documented in [5] and are also identical across the runs. Water
quantity and distribution in the soils evolves in response to vegetation.

Figure 6.3: NLDAS-2 solar forcing was scaled to mimic the differences in
direct-beam radiation received by the north and south slope field sites at Riven-
dell. Here, the differences between the cases are summarized as climatologies
over 5 dry months (June-October) or 5 wet months (November-March).

The initial PFT distribution was the same for all four grid points, with
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three competing PFTs typical of mixed broadleaf-needleleaf evergreen forests of
northern California’s North Coast Range: broadleaf evergreen (BE), needleleaf
evergreen (NE), and broadleaf deciduous (BD) trees. In total, we had 12
model runs (4 grid points x 3 cases of solar forcing). Each was run for 201
years, cycling 1980-2018 NLDAS data every 38 years, and allowing vegetation
to grow from bare earth. To allow the resulting forest stands time to mature
and reach near-steady-state, our analysis focuses on the last 40 years of the
integrations.

All data explorations were done in python 3.8.5.

6.3.2 Results

6.3.2.1 Forest composition

Figure 6.4 shows that in all three cases, the BE PFT out-competed the NE
and BD PFTs. These functional types coexist readily in northern Californian
forests. We wondered if we would see NE trees have an advantage in the North
case, given the prevalence of these trees on Rivendell’s north slope and the
scarcity on the south slope. Indeed, the NE trees are slightly more prevalent in
the North case compared to the Standard or South cases, but are still largely
out-competed by the BE trees. Ultimately, the simulations wound up produc-
ing near-exact PFT distributions, with BE trees comprising 99% of the South
and Standard cases, and 98% of the North case.

Above-ground biomass (AGB) has identical dynamics to the summed-PFT
biomass, but is slightly less, as the PFT biomass includes living below-ground
biomass in its pools. The total AGB in the Standard solar case was slightly
higher than in either of the two cases with perturbed solar radiation. In the
final simulation year, the North case AGB is 91% of the Standard case, and
the South case AGB is 97% of the Standard case.

FATES additionally breaks the AGB term into size classes defined by trunk
diameter. Figure 6.5 shows that throughout the simulation, all cases have sim-
ilar amounts of biomass in the smallest diameter (< 5cm) category. North case
biomass lags behind South and Standard case biomass for medium-sized trees
with stem diameters between 5 and 40 cm, and then for large trees with stem
diameters between 40 and 100 cm all cases show oscillations in biomass over
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Figure 6.4: Total biomass for each plant functional type, averaged across
the four simulation grid cells. Broadleaf deciduous (BD) trees had no biomass
during this point in simulation, and needleleaf evergreen (NE) trees represented
<2-3% of total biomass by the final year in each case. Total biomass is thus
dominated by broad-leaved evergreen (BE) trees. The total biomass plotted
here includes both above- and below-ground pools.

similar ranges of magnitude. The category that mainly drives the differences
in AGB between the cases is the largest size class, containing trees with stems
greater than 100 cm in diameter. In this category, the North case has less
biomass than the South case, which has less biomass than the Standard case.

Figure 6.6 drives home the relative weight of the largest trees in determining
the biomass differences by showing the relative biomass amounts in the final
simulation year. Overall, the North and South cases both contain 15% of
biomass in vegetation with stem diameters under 20 cm, 37% of biomass in
vegetation with stem diameters between 20 and 100 cm, and 48% biomass in
large trees with trunks greater than 1 m in diameter. The Standard case has
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a subtly different distribution with 15% of biomass in vegetation with stem
diameters under 20 cm, 35% of its biomass in vegetation with stem diameters
between 20 and 100 cm, and 50% of its biomass as large trees with trunks
greater than 1 m in diameter.

Figure 6.5: Above-ground biomass per size class, averaged across the four
simulation grid cells, plotted for each case for the last 40 years.

Figure 6.6: Above-ground biomass per size class, averaged across the four
simulation grid cells, plotted for the ending year of the simulation in each case.

The forest stand evolves from competitive processes that hinge on a bal-
ance of recruitment and diverse sources of mortality. In our simulations, trees
only died from carbon starvation, from “impact" disturbance (i.e., being blown
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over or otherwise crushed), or from a steady rate of background mortality not
attributed to any particular cause (set at 1.4% for BE trees). Trees may also
die of hydraulic, frost, fire, logging, or senescence mortality, but these did
not occur in any of the cases. Figure 6.7 shows the annual cycles of mortality
across the cases and size classes. The higher rates and longer seasonal duration
of carbon starvation in the smaller size classes of the North case are consis-
tent with a dimmer overall light environment. The fact that the largest size
classes have lower rates of winter-time carbon starvation suggests that more of
these large trees are canopy trees in the North case. This is also supported by
the distribution of impact mortality, which only affects understory trees. The
higher rates of impact mortality in the South and Standard cases suggests a
denser population of understory trees in these cases. Despite equivalent size
class distributions of biomass between North and South cases, the North case
may have acclimated to the lower light regime by thinning the understory and
concentrating its biomass in canopy trees. Future investigations of how the
fraction of understory vs canopy trees evolved in each case will help elucidate
the causes behind these different rates of mortality.

The total quantity of basal area that evolved in the model (∼60 m2/ha)
seems to represent a reasonable match with the Angelo Reserve forest based
on our field experience. Unfortunately, basal area was not a variable we ex-
plicitly measured during our field campaign, in part because plans for further
measurements in Spring 2020 were disrupted by the COVID pandemic. This
spatial density of basal area represents ∼4.8 trees 40 cm in diameter over a 10
x 10 m area, if all basal area were accounted for by this size class alone. Figure
6.8 shows a schematic of basal area as if it were all occurring in trees with di-
ameter 40 cm, and contrasts this with a photograph of trees under observation
in the forest which are each ∼30-40 cm in diameter. Our field experience (and
photographs, e.g., figure 6.8) suggests that the size class distribution may over-
emphasize small and large trees and under-emphasize medium-sized trees, but
lacking observations of size class distribution at our site, we cannot be more
specific.
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Figure 6.7: Carbon starvation and impact mortality were the two chief causes
of mortality across all three cases. The 40-yr average annual cycles plotted
here show the variation in mortality between the cases and size classes, across
the months of the year.

6.3.2.2 Contrast with sap flow observations

The transpiration variable reported by FATES is not directly comparable to the
sap flow observations in the field. To undertake a comparison between the sap
flow observations described in chapters 2, 3 and 4 and FATES’ transpiration
variable, shifts of scale resting on loosely constrained assumptions must be
made. We explore this to the extent that our field observations permit, and
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Figure 6.8: Lacking measurements of basal area, we reviewed photographs to
understand whether the model’s estimate of basal area was roughly representa-
tive for our field site. A map showing the relative distances between the trees
(trunk sizes exaggerated) on the south slope of the Rivendell field site (panel
a) helps to contextualize the photograph of south slope installations in panel
(b). Tree ‘Wye’ (feature 1) is 8 m from tree ‘Whitebeard’ (feature 2), 13 m
from tree ‘Another’, and 20 m from the Level 6 weather station (feature 4).
The trunks are 30-40 cm in diameter, hosting white enclosures that are 20 x
25 cm. Panel (c) shows a schematic of the basal area reported by the model
as if it were all represented by 35-40 cm diameter trees.

highlight where further observations would enable a better comparison.
Figure 6.9 demonstrates the steps and assumptions necessary to derive a
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sap velocity from FATES transpiration. FATES reports canopy transpiration
over the whole grid cell (figure 6.9, top row). Limiting this to the basal area
reported by FATES transforms this into an average sap velocity, if all the basal
area were sapflow (figure 6.9, second row). From this point on, the velocity
can be scaled to a nearly arbitrary extent based on assumptions of sapwood
area (figure 6.9, third row) or the radial profile of sap flux density (figure 6.9,
bottom row).

Because our sap velocity observations in Rivendell madrone trees (sized 36-
72 cm in diameter) included measurements at two radial depths (15 mm and 70
mm), we can constrain hypotheses of the sapwood area and radial profile to a
limited extent. Comparison of outer to inner junction flows across individuals
reveals that trees exhibit a circumferentially variable depth of actively flowing
sapwood. At some installation sites, the inner junction is approximately non-
flowing, while at others, inner junction flows are as large as those reported
at the outer junction. In most cases, inner junction flows were substantially
lower than outer junction flows, and inner junction flows that are larger than
outer junction flows did not occur in madrone trees. Figure 6.10 shows that,
in the whole-site average, the average daily cycle over summer 2018 has 70
mm flows reaching up to 35% of that observed at 15 mm, at the moment of
maximum daily flow. From this we can hypothesize that, if the velocity is
linearly declining between 15 mm and 70 mm, zero flows would be reached at
100 mm, on average. This is illustrated in our sapwood area hypothesis in figure
6.9. We can also hypothesize that 15 mm velocities could be approximately
double an equivalent rate of flow that was equal over the entire sapwood area.
This is illustrated in the hypothesis of radial distribution of sap flux density in
figure 6.9.

Figure 6.11 shows that, under the hypotheses of sapwood area and radial
distribution of sap flux density, the peak magnitude of FATES transpiration
reinterpreted as sap velocity matches well with the peak magnitude of our
field observations. The peak ‘sap velocity’ in the average summer daily cycle
reported by FATES is 7 cm/hr, while the peak sap velocity in the average
summer daily cycle observed at Rivendell is 10 cm/hr.

We repeat the caveat from chapter 2 that the unquantified differences in
the thermal properties of wood at the two radial depths renders quantitative
comparisons of sap velocity magnitudes between the two depths uncertain,
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Figure 6.9: An illustration of the assumptions feeding into a derivation of
sapflow from FATES canopy transpiration. At left, curves in the top and second
row plots evolve due to differences in basal area among cases, but differences
among rows 2-4 exist only in the scale of the y-axis, as the assumptions evolve.



6.3. LIGHT RESPONSE EXPERIMENT 120

Figure 6.10: Averaging velocities from all sensors in madrone trees (both north
and south slopes) shows the seasonal average daily cycle for summer 2018. At
the moment of maximum sap velocity, the inner junction velocity is about 35%
of the outer junction velocity.

Figure 6.11: A comparison between re-scaled FATES transpiration and sap
velocity observations shows good agreement in peak velocities. The FATES
climatology is computed over 40 years of model output, while the Rivendell
climatology is only for a single summer.

when using identical parameters for the Granier equation. Tree cores that
measured fresh wood heat capacity by radial depth would be useful in bolstering



6.3. LIGHT RESPONSE EXPERIMENT 121

a quantitative comparison of flow rates at these two depths. Tree cores could
also further constrain the proportion of basal area which is sapwood.

To compare the seasonal timing of sap velocity, we focus on model integra-
tion year 174, which received NLDAS-2 forcing data from 2018, and compare
this to our field observations. The field observations of sap velocity only begin
in June of 2018, although the timeseries begins earlier. Figure 6.12 shows the
comparison.

Figure 6.12: A comparison between re-scaled FATES transpiration for inte-
gration year 174, which received NLDAS-2 forcing from 2018, and Rivendell
sap velocity observations from 2018, shows the different seasonal timing of sap
velocity decline.

The comparison shows that FATES vegetation has an earlier seasonal peak
in sap velocity by about 1.5 months and a steeper decline in daily maxima,
followed by larger daily maximum sap velocities over the winter. For context, in
figure 6.13 we also show the comparison in soil moisture conditions between the
model and Rivendell over the same time period. The quantity and distribution
of soil moisture are near-identical across all runs, so we report only the Standard
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case. The soils in the ‘alien forest’ are notably wetter over the summer and
have an overall less extreme seasonal cycle, but show a good match in seasonal
timing of moisture decline.

Figure 6.13: FATES soil moisture (reported monthly), averaged between 26
cm and 40 cm depths, from November of integration year 173 through the
end of integration year 174 is shown in dotted red. These integration years
correspond to NLDAS-2 forcing from 2017-2018. Rivendell soil moisture (15-
min frequency) from 30 cm depth over the same time period is shown in black.

The seasonal offset in 6.12 may be indicating a different interaction with
subsurface moisture, potentially arising from either representations of water
supply, vegetation access to water supply (i.e. rooting depths), or vegetation
sensitivity to water supply. Alternatively, it may arise from phenological as-
pects that are uncaptured by FATES BE trees. Madrone trees were chosen
for our field study in part because of their unusually late transpiration peak,
which may be in part caused by their phenological cycle of leaf turnover (leaf
lifespan 14 months). We did not measure LAI in the field, but we infer from
the phenology that LAI evolves seasonally and is maximized in the midsummer
months when the new leaves are flushed and the old leaves beginning to drop.
Future investigations will explore these aspects.
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Figure 6.14: Madrone trees are evergreen, but nonetheless drop their leaves
each year. Old and new leaves coexist in their canopies during the early summer
months. Though at Rivendell the madrones dropped most of the previous
year’s leaves by the autumn, there is variation in leaf life span. This photograph
showing both old and new leaves in madrone, alongside flowering, was taken
in March 2020 at Friday Harbor (photo credit: Inez Fung).

In sum, the ‘alien forest’ of FATES BE trees has a comparable basal
area as a BE-dominated region of our Earth forest (i.e., Rivendell’s madrone-
dominated south slope, seen in figure 6.8); it may transpire water at a com-
parable rate, sensitive to assumptions about sapwood area and radial sap flux
distribution; and it has different seasonality of transpiration, despite having
a similar seasonality of soil moisture decline. Figure 6.11 highlights that the
model’s summertime results do not, in the presence of comparable light dif-
ferences alone, show the same degree of transpiration offset between the north
and south cases as the observations show between the north and south slopes.

6.3.2.3 Transpiration sensitivity

Figure 6.15 shows that, during the dry summer season months, there is surpris-
ingly little to no difference in daily integrated transpiration between the North
and South solar radiation cases. This is contextualized by differences between
the two cases in peak radiation received (∼30% higher in the South case) and
amount of biomass in the forest stands (∼6% higher in the South case). The
South case has a diurnal cycle of transpiration shifted slightly earlier than the
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North case, as would be expected by the later sunrise and sunset in the North
case (see figure 6.3). However, both the North and South cases show lower
transpiration than the Standard case. In sum, despite being exposed to dim-
mer light and having less biomass, the North case forest stand is equally active
over the summer.

Figure 6.15: Over the dry summer, there was essentially no difference in
transpiration between the two light environments.

Figure 6.16 shows substantial differences in transpiration in the wet winter.
The markedly lower amount of solar radiation received during the winter at
this latitude (39.7°N) likely placed all solar radiation cases into a light-limited
transpiration regime, contrasting with the summertime results which suggested
that light limitation was absent in all cases.

6.3.2.4 GPP differences

Figure 6.17 shows that dry season GPP is ∼5% higher in the North case than
the South case, despite the comparatively lesser biomass (∼6% lower than the
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Figure 6.16: Over the rainy winter, transpiration on the sunnier south-facing
slope was roughly 36% higher, suggesting that the model forest was experienc-
ing light-limited transpiration conditions.

South case). Mirroring the transpiration results, figure 6.18 shows that winter
GPP is lower under North case conditions, although the differences among the
cases are less pronounced in GPP than in transpiration.

6.3.2.5 Leaf differences

Given that the differences in transpiration and GPP among the cases do not
track with differences in biomass amount, we examined leaf distribution dif-
ferences as well. Figure 6.19 shows that differences in Leaf Area Index (LAI)
among the three cases matches the direction of differences in above ground
biomass, but they are smaller than the differences in biomass. The North case
has 91% of the Standard case biomass but 93% of the LAI; similarly, the South
case has 97% of the Standard case biomass but 99% of the LAI. The sun leaf
fraction was relatively invariant among the three cases, despite the stark dif-
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Figure 6.17: Over the dry summer, GPP in the dimmer North case was ∼5%
higher than the South case. The North case GPP also narrowly exceeds the
Standard case GPP, which is surprising in light of the fact that the Standard
case has ∼9% greater biomass than the North case.

ferences in solar radiation. Sun leaf fraction was, in fact, lower in the South
case (7.9%) than in the North case (8.3%), with the Standard case falling in
between (8.0%). This could be consistent with the hypothesis put forth in
section 6.3.2.1 that the North case has equivalent canopy biomass (and LAI),
but lesser understory biomass (and LAI).

6.3.2.6 Plasticity in light- and water-use efficiency:

Figure 6.20 highlights the different light- and water-use efficiencies that emerge
between the North and South cases, and also seasonally. The North case
achieves a light-use efficiency nearly 60% higher than the Standard and South
cases from 10am-noon during the summer, and 40% higher over the winter.
The water-use efficiency differences show a smaller-scale version of the same
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Figure 6.18: Over the rainy winter, GPP in the dimmer North case is 28%
lower than that in the South case.

Figure 6.19: LAI is highest in the Standard case and lowest in the North case,
roughly agreeing with differences in biomass among the cases.
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pattern, with water-use efficiency 6% higher in the North case over the summer,
and 10% higher over the winter.

Figure 6.20: Light- and water-use efficiencies are computed for the North and
South cases, and then scaled to the Standard case to highlight the impact of the
different light regimes. The North case exhibits higher light-use and water-use
efficiencies, both in summer and winter.

6.3.3 Discussion & future directions

These results demonstrate the thresholds of light limitation shaping the forest.
In stands of identical plant functional types (extra-tropical broadleaf evergreen
trees) with similar, though not identical, standing biomass and leaf area, lower
transpiration and GPP is only associated with the dimmer light regime under a
certain threshold. This threshold is triggered over the wintertime, but not the
summertime. In fact, under the parameters of model vegetation, the summer-
time growth conditions in the dimmer North case appear favored in broadleaf
evergreen trees. As VPD and soil moisture conditions are the same among
all simulations, the results suggest that model vegetation is not energy/light
limited even under relatively dim North slope summertime conditions.
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It remains to be explored why the North case, with lower biomass and lower
LAI, would both fix more carbon and release more water than the South or
Standard cases. Speculatively, we hypothesize that the differences in transpi-
ration, GPP, light-use efficiency, and water-use efficiency are caused by evolved
differences in stand structure among the cases– the slow processes of FATES.
Perhaps a denser understory evolved in the brighter South and Standard cases,
and the additional competition for resources was detrimental to the perfor-
mance of the canopy trees. Additional model runs holding either fast or slow
processes constant could expand the scope of the thought experiment, the be-
ginning stages of which are outlined in this chapter, to confirm or disprove
this. For instance, if the differences are driven by the reactions of fast pro-
cesses to the differences in light conditions between the cases, that may imply
that the South case is too bright, and has triggered photolimitation or a similar
growth restriction. If this is instead driven by the slow process of differently
evolving stand structure, it may be demonstrating that even subtly-different
distributions of biomass throughout the various size classes and canopy layers
between the two cases can lead to substantive functional differences emerging
at the stand level, even under identical functional parameters. In particular,
if slow processes explain the the higher water-use efficiency and light-use effi-
ciency seen in North case, this suggests a high sensitivity of these properties
to variation in leaf area and stand structure (size class distribution), even with
the same parameters describing the stomatal function of individuals. This
may indicate that more complex and hence accurate representations of forest
structure, for instance including the possibility of emergent tall trees whose
crowns do not touch in an overstory layer over a closed canopy of smaller trees,
would enable more accurate depictions of a forest’s environmental sensitivities,
carbon and water fluxes.

6.3.4 Conclusions

The model vegetation response to light differences in FATES demonstrates sev-
eral capabilities of the model, and refines our future questions. We see that
once light limitation is triggered in the wintertime, there are commensurate
declines in water usage in the dimmer environment. We also observed that the
model shows consistently higher light- and water-use efficiency in the dimmer
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tree population, both in summer and in winter. This runs counter to the spec-
ulative interpretations of the analysis in 5, which suggested that the dimmer
population’s water-use dynamics could be explained in part by lower water use
efficiencies. Future investigations will explore mechanistic explanations for the
differences among the solar forcing cases, which will, in turn, provide further
basis for our interpretations of mechanisms at play in the field observations.
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