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Abstract

California’s forests are beset by multiple threats from climate change, including increased fire
and drought severity. A single tree can be thought of as a victim to the influences of its climate, at risk of
mortality from any number of climate-related stresses. However, forests collectively are a key
determinant of some of the very same processes that lead to these risks. In order to effectively manage
forest ecosystems and support the human communities that live in and near them, we must examine the
causes and effects of forest patterns and process, across scales of space and time.

The spatial structure of a forest—the size and arrangement of its constituent trees—can be more
or less resistant and resilient to wildfire. Fire in turn can, abruptly or gradually, shape a forest structure
towards more heterogeneous stands, which are well adapted to frequent, low-intensity fire. The era of fire
exclusion (staring around 1850) has prevented this self-regulating feedback from taking place, leading to
crowded, homogeneous forest stands, with high fuel loads that make them vulnerable to stand-replacing
fires. Studying the forest structure from a time before the end of frequent, low-intensity fire can give
managers a reliable target for the spatial and structural characteristics of a fire-adapted forest. We apply
dendrochronological reconstruction methods to Jeffrey pine (Pinus jeffreyi) forests in the Eastern Sierra
Nevada, in order to estimate the conditions of fire-adapted forests specific to this region. This is the first
spatially explicit stand reconstruction study to take place in the Eastern Sierra, which experiences a
unique climate and fire regime compared to its more mesic western-slope counterpart. We present
findings indicating that Eastern Sierra stands have increased in density, with fewer trees existing as
singletons and fewer, smaller gaps between clumps of trees. But our results also indicate that as few as
one to two moderate-severity fires (prescribed fire or wildfire) can meaningfully restore this forest type to
its fire-adapted state.

California’s forests and woodlands can change gradually, as they did through hundreds of years
of fire suppression; or they can change rapidly, as seen in the waves of mortality caused by the state’s

2012-2017 drought. Water stress, whether cumulative or acute, has always been and will always be one of



the greatest challenges to terrestrial plant life. Because plants lose water through their leaves in the
process of acquiring CO; for photosynthesis, it is thought that rising atmospheric CO- levels could
ameliorate the effects of water stress in trees, allowing them to reduce their water losses while increasing
their net CO- uptake. We wished to investigate whether, how, or to what extent high CO- levels help the
youngest trees endure or avoid water stress. Using a newly constructed free-air CO enrichment (FACE)
system at Quail Ridge Reserve, we planted 384 acorns of two native California oak species (Quercus
lobata and Q. wislizeni) directly into the soil. We subjected half of the seedlings to continuous treatment
with elevated CO, (ambient + 137 ppm). Half of the seedlings received supplemental water during the
summer. These two factors were combined to yield four treatment levels. By comparing the differences
between well-watered and under-watered plants at ambient CO; vs. elevated CO,, we were able to test for
interactions between the CO; treatment and the watering treatment. We found that in the cases where
watering’s effect differed by CO; treatment, it was only the well-watered seedlings that benefited from
the extra CO- (for Q. wislizeni, the benefit came in the form of increased photosynthetic rates; for Q.
lobata, the benefit was an increase in post-grazing resprouting rates). This result may indicate that future
climates will widen, rather than narrowing, the fitness gap between oak seedlings with access to abundant

water, and those without it.
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Introduction

Researchers can have several different goals in mind when they set out to study forest
ecosystems. Often, we aim to conserve forests where they are whole, and restore them where they are not.
To practice restoration most often involves looking to the past for a reference condition of a fully
functioning forest (Urgenson et al. 2018), and indeed knowledge of the history of California’s forests are
critical to proper research, management, and appreciation of them. Many forest restoration projects seek
to repair the damage done by climate-related stresses (e.g. fire, heatwaves, drought). But although every
tree is subject to those threats, forests also collectively help determine the direction the changing climate
will take, as a critical part of the exchange of CO- between the atmosphere and the biosphere.
Understanding trees and forests is therefore necessary to understanding the future of our planet and its
climate. Without knowing the history of forests, we enter an uncertain future with no map. Without
acknowledging that climate change is altering the patterns and processes that make up a forest, we risk
relying on a map that is wrong.

The following chapters will reach back decades into the past, to examine historical forest
conditions in the early 1940s; and they will attempt to peer into the future, using elevated CO2 to subject
tree seedlings to the climate conditions predicted for the mid-to-late 21st Century.

Beginning in the 1850s, the suppression of indigenous cultural burning and naturally occurring
wildfires alike became the policy of forest managers in the western United States (Taylor et al. 2016). In
California, this fire exclusion era has fundamentally reshaped many parts of the forest, increasing density,
homogenizing tree sizes and ages, and increasing fuel loads (Lydersen et al. 2013, Safford and Stevens
2017). But not all forests respond to fire deficit in identical ways. Much research on the effects of fire
suppression has focused on the mesic, productive slopes of the Western Sierra. Fire deficit in Western
Sierra forests has caused an accumulation of surface fuels, rendering present forests more vulnerable to
climate-driven increases in fire severity and size (Hagmann et al. 2021). Eastern Sierra Jeffrey pine

forests, however, feature a distinct climate and fire regime from that of their Western Sierra mixed-



conifer counterparts (North et al. 2009), necessitating a separate evaluation of fire exclusion’s effect on
their density and spatial characteristics. Stand structure is important to forest health, function, and fire
dynamics (Larson and Churchill 2012, Koontz et al. 2020, Ma et al. 2023), but until now no studies have
applied spatially explicit historical analysis to forests in the Eastern Sierra.

Forest stands are partly shaped by fire regimes, and forest structural characteristics also have a
role in determining future fire occurrence (Agee 1996), in a dynamic feedback between pattern and
process (Larson and Churchill 2012). Spatially complex forests provide low surface fuels in openings,
reducing radiant and convective heat which otherwise might support a high-severity crown fire (Graham
et al. 2004). Within modern forests, more heterogeneous stand structure has been shown to promote
resistance and resilience to fire (Koontz et al. 2020), and restoring forests to the spatial and structural
pattern they maintained prior to the fire exclusion era can help them support and re-adapt to frequent,
low-intensity fire (Fry etal. 2014). Results from Chapter 1 indicate that just one to two moderate-severity
fires can meaningfully restore an Eastern Sierra pine forest to pre-fire-exclusion conditions, which may be
better suited to withstand frequent low-severity fires.

Fire exclusion is just one of the many dramatic changes humans have brought to bear on
California forests in the last two centuries. In the time it took to turn pre-settlement forests into the
crowded, homogeneous stands seen today, atmospheric CO- levels increased from 280 to over 420 ppm
(Gulev et al. 2021). In the past 30 years, much progress has been made in researching how this gradual
increase has changed conditions for plant life, in particular with the development of free-air CO,
enrichment (FACE) research (Ainsworth and Long 2021). This field-based method allows for the
observation of plants responding to elevated CO- levels in natural conditions, as opposed to in labs and
growth chambers. FACE has provided a unique opportunity to experimentally examine the way plants
behave under conditions predicted for the coming decades. Chapter 2 presents a novel FACE-like
experimental array, designed for studying the effects of elevated CO- on short-stature plants.

“TinyFACE” is an inexpensive, modular, and customizable option for climate change research in plants.



Thanks in part to FACE research, the first-order effects of future CO; levels are increasingly well
understood (Ainsworth and Long 2021). Research efforts are now largely focused on the interaction of
elevated CO, with one or more additional environmental variables (Way et al. 2015), especially those
known to also be changing due to climate change, like soil water availability.

Trees take up water through their roots and lose it through their leaves via their leaf pores, which
can regulate this loss by reducing their openness in response to stress (Xu et al. 2016). These pores, called
stomata, are also the entry point through which all plants must take in CO, the feedstock of
photosynthesis, to convert into sugars and living tissue (Lambers et al. 2008). Since CO- enters the leaf
and water exits the leaf through the same gateway (Woodward 1987), a common understanding is that
elevated CO, will allow plants to reduce water loss, thereby increasing their water use efficiency and
fitness (Cernusak et al. 2019)

Elevated CO; is likely to influence how plants respond to environmental stressors like water
shortage—in other words, present-day plant responses to familiar stressors may not be reliable in a high-
CO, future. In fact, climate models that account for dynamic ecophysiological feedbacks in global
vegetation produce meaningfully different results than models that treat plant life as a static element of
the climate system (Swann et al. 2016, Anderegg et al. 2020).

The findings in Chapter 3 present a surprising scenario, in which elevated CO; actually
exacerbates the performance gap between water-stressed and well-watered seedlings. In this case, rather
than acting as a Robin Hood and preferentially offering benefits to the most down-on-their-luck seedlings,
elevated CO, only provided a benefit to those plants that had abundant water resources with which to take
advantage. Such counterintuitive findings are not rare in multi-factor climate change experiments on trees
(e.g. Duursma et al. 2011, Wohlfahrt et al. 2022). They showcase the importance of directly observing
plant responses to multiple interacting environmental factors, and using experiments to identify the
mechanisms behind those responses.

How are we to best study and manage trees and forests? We must start by learning how disturbed

forests have departed from prior, more functional states, just as we learn how stressed individuals behave



differently from plants with abundant resources. But we must undertake those inquiries with caution. As
CO; continues to rise, as the climate continues to warm and change, novel climates and no-analog
communities will become increasingly common (Williams and Jackson 2007). More and more, the past
will no longer be the key to the future. Because the feedbacks between forests, fire, and climate are so
important to global climate regulation and ecosystem health, we will have to find new ways to study what

is to come.



Chapter 1: Prescribed and natural fire restore fire-adapted conditions in an Eastern Sierra Jeffrey pine
forest
Abstract

The era of fire exclusion has had well-documented impacts on Western U.S. forests, generally
leading to denser, more homogenous stands, higher proportions of shade-tolerant species, and a
heightened risk of high-severity fires. Restoring forests to their historical, fire-adapted condition can
ameliorate fire risk and other ecological changes, but most research on fire-adapted restoration targets in
California has focused on the western slope of the Sierra Nevada mountain range. Eastern Sierra Jeffrey
pine forests experience distinct climate and growth conditions from their west-side counterparts, and both
their historical structure and the effects of fire suppression are different than those of their west-side
counterparts. Our goals were (1) to use spatially explicit forest reconstruction methods to estimate the
historical, fire-adapted structure of eastern Sierra Jeffrey pine forests; (2) to describe the structural
changes observed after 54-65 years of fire exclusion; and (3) to quantify the structural effects and
restoration potential of 1-2 recent fire events that followed the fire exclusion period. At two sites in the
Eastern Sierra near Mammoth Lakes, CA, we surveyed stands and collected tree ring series to establish
tree ages and reconstruct maps of the forest at the end of the frequent-fire period (1941), after the period
of fire exclusion (1995/2006), and in recent years (2018). We found that half a century of fire exclusion
led to denser stands with fewer, smaller openings and larger clumps of trees, much like in the western
Sierra. However, east-side forests were not as departed from fire-adapted conditions, and 1-2 fire events
in recent years showed potential to restore many structural characteristics to their prior state. Our results
can inform forest management decisions, and support the use of prescribed fire and managed wildfire in

the service of restoration goals.

Keywords: forest reconstruction, reference condition, Eastern Sierra, Jeffrey pine, restoration targets,

individuals clumps and openings, dendrochronology



1. Introduction

In many dry conifer forests of the western US, fire exclusion has led to dramatic changes in forest
structure and forest-fire feedbacks over the past century. Socioecological transitions and the resulting
changes in dominant fire management practices align with marked changes in fire regime (Taylor et al.
2016). In California, natural and anthropogenic fire once maintained heterogeneous forests with low tree
density and surface fuel accumulation, and a high proportion of fire-adapted species like Jeffrey pine
(Pinus jeffreyi) (Safford and Stevens 2017). By contrast, modern California forests tend to have higher
tree density, smaller trees, more even age classes and more shade-tolerant, less fire-adapted species
(Dolanc et al. 2014, Mcintyre et al. 2015, Safford and Stevens 2017). In addition to these well-
documented changes on the landscape, fire exclusion also changes within-stand spatial structure,
particularly the distribution of Individual trees, tree Clumps, and Openings—hereafter ICO, (Larson and
Churchill 2012).

Fine-scale forest structural patterns are important to ecosystem functions such as drought
resistance (Ma et al. 2023), habitat quality (Larson and Churchill 2012), snow retention (Churchill et al.
2013, Stevens 2017), fire resilience (Koontz et al. 2020), and inter- and intraspecies interactions, e.g.
competition, facilitation, spread of disease, and recruitment (Larson and Churchill 2012). Pinus jeffreyi in
particular requires relatively large forest openings for regeneration, as seedlings need sufficient light and
soil resources to grow (Gucker 2007, Safford and Stevens 2017). Furthermore, restoring forests to the
ICO pattern they maintained prior to the fire exclusion era can help them support and adapt to frequent,
low-intensity fire (Fry etal. 2014). Management recommendations for fuel reduction and ecological
restoration in P. jeffreyi forests must therefore account for ICO patterns if they are to create meaningful
restoration targets. As fine-scale site features like local climate and topography have been shown to affect
the arrangement of 1CO patterns within a forest (Ng et al. 2020), those targets must be attuned to local
and regional influences, such as the unique climate and fire regime that distinguish the Eastern Sierra

from the range’s more mesic western slope (North et al. 2009)



Identifying historical ICO patterns specific to frequent-fire forests in the Eastern Sierra is
necessary first to characterize the modern forest’s departure from fire-adapted conditions in this area, and
second to set meaningful management and restoration targets. For example, the Eastern Sierra Climate
and Communities Resilience Project is an ambitious 20-year management effort to restore fire-resilient
landscapes in the 23,500 ha forest belt surrounding Mammoth Lakes, the largest population center in the
Eastern Sierra (Pusina et al. 2023). Such projects must consider the spatial structure of a fire-adapted
forest to achieve their goals, but Eastern Sierra forest managers have previously been forced to rely on
studies from the Western Sierra to develop restoration and fire risk reduction targets (North et al. 2009).

Where they have taken place (Stanislaus Tuolumne NF (Lydersen et al. 2013), the Eastern
Cascades (Churchill et al. 2017), Northern Arizona (Sanchez Meador et al. 2011)), forest reconstruction
studies have often been limited by the long span of years elapsed since the start of fire exclusion
(Lydersen et al. 2013), as early as the 1860s in most parts of the Western Sierra (Taylor et al. 2016).
However, fire scar data from our study area in the Eastern Sierra record widespread forest fires until as
late as 1950 (North et al. 2009). A more recent end to the frequent-fire period here has given less time for
fire exclusion to influence forest structure, although forest structure variables are still mostly outside the
historical natural range of variation (Meyer et al. 2019). The more recent end to frequent fire suggests that
standard methods of forest reconstruction can be applied with greater-than-usual confidence in this
setting. Identifying the spatial characteristics of the area’s forests during the frequent-fire period provides
a target structure for a more fire-adapted forest in the Eastern Sierra.

It is uncommon for forest reconstruction studies to examine the effects of fire’s return, in addition
to the effects of fire exclusion. Our study comprises three reference years (two reconstructed, one
observed) to characterize forest conditions (1) during the active fire period, (2) after half a century of fire
suppression, and (3) after the return of fire to the landscape.

The objectives of our study are (1) to use forest reconstruction methods to estimate the historical,
fire-adapted structure of eastern Sierra Jeffrey pine forests; (2) to describe the structural changes observed

after 54-65 years of fire exclusion; and (3) to quantify the structural effects of 1-2 recent fire events that



followed the fire exclusion period. We use tree ring series to develop an age-size regression model
specific to our study area, and map the positions and estimated sizes of trees present before the end of
frequent fire there in the mid-20th Century (frequent-fire reference year: 1941). Using the same methods,
we reconstruct forest conditions immediately before the return of fire to the area (fire-excluded reference
year: 1995 and 2006, respectively, at our two sites). Finally, we use observed modern forest conditions
from our survey (modern reference year: 2018). We compare the 1941 forest to the fire-excluded forest,
to determine the maximum departure from frequent-fire condition; and we compare the fire-excluded
forest to the 2018 forest, to evaluate the restoration potential of 1-2 fires after decades of fire exclusion.
We calculate metrics of historical, fire-excluded, and modern forest conditions such as tree density, basal
area, and size distribution. We examine how the distribution and characteristics of individuals, clumps,
and openings changed since the end of the frequent-fire period in the study area, and whether/to what
extent those factors were restored to reference conditions by 1-2 fires in recent years. In particular, we
address whether fire exclusion has affected Eastern Sierra forests in the same way and to the same extent
as Western Sierra forests, with the aim to inform management restoration guidelines for a greater range of
frequent-fire forest types.
2. Methods
2.1 Study Sites

Study plots were selected in August 2018, in the Inyo National Forest on the eastern slope of the
Sierra Nevada, near Mammoth Lakes, California, and within the rain shadow of the mountain range
(Taylor 1982). Three 1-ha circular plots were randomly chosen at each of two sites: Indiana Summit (1S),
at the Indiana Summit Research Natural Area (ISNRA, 37.798247, -118.916090); and O’Harrell Canyon
(OH), about 1.5 km northeast of the O’Harrell Canyon Creek Campground (37.757000, -118.746710)
near Glass Mountain. The two sites, separated by appx. 15 km, share a dominant vegetation type of
Jeffrey pine forest (Pinus jeffreyi Balf.), which makes up 99.3% of the canopy in our IS sites. OH trees
were 59.6% P. jeffreyi, with 19.7% Sierra juniper (Juniperus grandis), 15.3% white fir (Abies concolor),

and 5.4% lodgepole pine (Pinus contorta). Forests in the area are characterized by low recruitment rates



and long regeneration times (Taylor 1982). Plot elevation ranged from 2571 m—2615 m at IS, and 2459
m-2559 m at OH. The dominant soil types at the sites are vitrandic xerorthents (well-drained, nutrient
poor, sandy soils of volcanic origin) (Esri Community Maps Contributors n.d.).

Fire reconstruction studies from the area determined a mean historic fire interval of 4.8-16.9
years (North et al. 2009) and 217 years (Brown et al. 2010), more frequent but overlapping with the
estimate of an 11-16 year interval for this forest type in the Eastern Sierra as a whole prior to European
settlement (Van de Water and Safford 2011). Natural ignitions were frequent, as the area has one of the
highest lightning strike rates in the state (Wagtendonk et al. 2018). Prior to European settlement, and to a
lesser extent in the 20th Century, the Bishop Paiute and Mono Lake Kutzadika’a (Northern Paiute Tribes)
also practiced cultural burning in the area, including as part of a process to harvest and/or prepare the
larvae of the Pandora moth (Coloradia pandora) as a food source (Taylor 1982, De Foliart 2002, Slaton
et al. 2019). ISRNA was not logged in the 20th Century and is considered a “pristine” example of late-
seral P. jeffreyi forest (Meyer et al. 2019). The forests around our study sites experienced frequent fire
conditions from at least the late 18th Century until ca. 1950 (North et al. 2009). The middle of the 20th
Century marked the start of an era with no wildfires recorded (Taylor 1982, North et al. 2009), with the
exception of one lighting ignition in 1986, which was quickly suppressed (Slaton et al. 2019) and did not
affect our study plots. Prescribed burn treatments took place between 1996-1998 in the northeast corner
of ISRNA (Meyer et al. 2019), where our three 1-ha plots are located. Wildfire returned to the area in
2016, when the Clark Fire burned 99% of the RNA (Slaton et al. 2019), including our plots. The area of
the prescribed burn treatment burned at low to moderate severity in 2016, with a composite burn severity
of 20% (Meyer et al. 2019). While less historical detail is available for O’Harrell Canyon (Site OH), we
assign the same date for the end of the frequent-fire period there as for IS, because the three nearest sites
with fire history reconstructions all record fires into the mid-20th Century, and all three are approximately
as close to OH as to IS (North et al. 2009). We were unable to find records of fire history at the O’Harrell
Canyon site until 2007, when the O’Harrell Fire burned the area containing our plots at moderate severity

(California Department of Forestry and Fire Protection 2019). For a conservative estimate of the fire-



adapted forest condition (i.e., the structure that existed before fire exclusion began), we chose 1941 as the
focal year for our reference condition forest. We compare the reconstructed forests from 1941 to the
reconstructed fire-excluded forests (1995 at IS, 2006 at OH) and the observed forests in 2018.
2.2 Sampling Methods

For each plot, we recorded position, decay class, species, and diameter at breast height (DBH) for
every tree and standing snag > 5 cm DBH. Downed logs were measured at their maximum diameter (used
to represent DBH), and the resting place of their larger end was recorded as the tree’s position. In total,
we recorded 1,152 trees, logs, and snags across both sites. In addition, we cored 227 trees total using 4.3
mm increment borers (Haglof, Inc.; Langsele, Sweden), at the lowest possible coring heights, ranging
from 7-103 cm (average: 41.3 cm). For P. jeffreyi, the dominant species, we used a stratified random
sampling technique to collect approximately 10 cores in each plot for each of three size classes: < 50 cm
DBH, 51-90 cm DBH, and > 91 cm DBH. The > 91 cm size class sample was completed in August of
2019 at IS, and in May of 2021 at OH. Cores for A. concolor and P. contorta were collected from OH in
June 2023. Attempts to core specimens of J. grandis failed due to the presence of rotten heartwood.
2.3 Tree Core Processing

Sampled cores were glued to wooden boards and sanded with progressively finer-grit sandpaper
to provide a flat cross-section for reading and analysis, following standard dendrochronological methods
(Stokes 1968, Speer 2010). Sanding started with 180-grit paper and a belt sander, and finished with 400-
grit paper and a palm sander. We scanned each board of up to six cores at 1200 dpi (EPSON WorkForce
7610 scanner) and processed the images with CooRecorder version 7.9 (Larsson 2005) to establish ring-
width series. For most cores, the pith correction tool available in CooRecorder was used to calculate the
distance to pith and the estimated number of growth years represented by said distance (based on
innermost ring curvature observed in the core). Forty-one rotten or unreadable cores were excluded from
the sample, yielding a total of 186 cores used to conduct dendrochronological analysis (at IS, n = 88,

83.0% of cores collected; at OH, n = 98, 81.0%).

10



Crossdating was conducted using CDendro version 7.9 (Larsson 2005) and the dpIR package in R
(Bunn et al. 2024) to establish the length in years of each tree ring series. In dendrochronological analysis,
a correction is necessary to account for the years of growth before the tree reached the height at which the
core was taken. This core-height correction uses species-specific equations, and we used the correction
equations available in the literature that most closely matched our focal species (Gascho Landis and
Bailey 2006, Fraver et al. 2011, Tomiolo et al. 2016). Since Abies concolor is a shade-tolerant species
with highly variable growth rates at the seedling and sapling stages, no core height correction was used
for this species, and tree age was recorded as the number of years observed at coring height, following
(Taylor and Halpern 1991).
2.4 Stand Reconstruction

We used linear age-size regressions to reconstruct tree ages in 1941, before the end of the
frequent-fire period. Establishing the relationship between DBH and age allowed us to extrapolate the
ages (and therefore establishment dates, and ages in 1941) for all 1,152 trees in the study. Trees were
either assigned an age derived from their respective core sample (n = 157) or an age estimate from the
age-size regression model (n = 995) For P. jeffreyi, we created separate age-size regressions for IS and
OH, since their distinct topography and aspect were considered likely to cause different growth rates. For
model selection, we compared corrected-AlC and BIC values for first- to fifth-degree polynomials of
DBH as a predictor variable; in cases were AICc and BIC were not in agreement, we picked the more
parsimonious model, since over-fitted models would perform poorly at predicting age from DBH. The
resulting models had R? values of 0.653 and 0.646, respectively (n = 88 for P. jeffreyi at IS, p <<.001; n
=79 for P. jeffreyi at OH, p << .001). Age-size regressions for A. concolor and P. contorta were
established using cores from OH only, since these species represented <0.8% of the trees sampled at IS in
2018 (and 0% of live trees). The age-size regression for A. concolor had an R? of 0.514, and the
regression for P. contorta had an R? of 0.798 (n = 10 for A. concolor, p = 0.02; n = 9 for P. contorta, p =

0.003). All models were first-degree polynomials, except for P. contorta, which was quadratic.
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Standing snags and fallen logs > 5 cm DBH were given the same diameter-based age estimate as
live trees, with an additional correction for the estimated time since tree death. The age estimate and the
time-since-death estimate were summed and subtracted from 2018 to determine each tree’s establishment
date. Time-since-death was calculated based on visually estimated decay classes (Cline et al. 1980)
recorded during field surveys in 2018. We grouped the 10 decay classes into six categories (snags of class
1, snags of class 2+3, snags of class 4+5; logs of class 1, logs of class 2+3, logs of class 4+5) and
populated a Leslie matrix of transition probabilities for each category based on the snag decay class
transition matrix in (Morrison and Raphael 1993) (extrapolating transition probabilities from snags to logs
and between classes of logs). We used this transition matrix and information on the residence time of
decaying pine logs (Kueppers et al. 2004, Edelmann et al. 2023), to calculate the stable class distribution.
Once the population has reached the stable class distribution, there are a finite number of pathways an
individual can take to arrive at any given decay class in one five-year timestep. Therefore, for a given
vector of snags/logs, it is possible to calculate the probability distribution for the decay class in the
previous timestep. By iterating this process and counting the timesteps required for all trees in the starting
vector to “de-age” back to the Snag Class 1 category, we were able to assign a probability distribution of
the estimated number of years since death for each decay category (ranging from 5-295 years; overall
mean = 99.3 years, sd = 70.3). We then drew from these distributions to assign an estimate of time-since-
death to each snag and log in our 2018 dataset based on its observed decay class. These adjustments
ensured that a reasonable estimate of the true establishment date for snags and logs could be assigned, in
order to assess their age in past time steps. At IS, snags in Class 1 were assumed to have died in the 2016
Clark Fire, and assigned a time-since-death of two years. At OH, four logs had progressed to a state of
decay that made species identification impossible; these were assigned the age estimates for P. jeffreyi,
the most abundant species.

Using the establishment dates determined for each tree, snag, and log, we calculated each tree’s
age as of 1941 (for the frequent-fire reference year) and the fire-excluded reference year. We removed

any trees that established after the relevant year from the dataset. Next, the reverse of the age-size
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regression method above was applied to the trees’ past ages, to determine DBH in past reference years.
We removed any trees whose size fell below 5 cm DBH. The DBH distributions of these reconstructed
forest datasets were used to calculate non-spatial metrics (trees per hectare, stand density index (SDI),
guadratic mean diameter (QMD), mean DBH, and basal area (BA)) for the forest in past reference years.
A t-test was used to compare each of these metrics between 1941 and fire-excluded conditions, and
between fire-excluded and 2018, to establish changes in plot-level and global characteristics. Because
comparisons of reconstructed stands at IS and OH revealed each site to have unique variance in initial tree
size distributions, we chose to analyze changes in mean DBH on a per-site basis (IS separate from OH).
Plot-level metrics were combined to increase statistical power.

2.5 Spatial Analyses

Using the stand maps of live trees from 2018, and reconstructed maps of live trees from 1941 and
the fire-excluded year at each site, we were able to assess the structure of the forest in each time period,
including the distribution of individual trees, clumps of trees, and openings between trees. We followed
published clump detection algorithm methods (Plotkin and Muller-Landau 2002, Churchill et al. 2017).
Allometries for crown projections came from (Gill et al. 2000), Table 9; P. jeffreyi and J. grandis were
not included in their dataset, but we used equations for the most closely related species available (Pinus
ponderosa and Calocedrus decurrens, respectively). Snags and logs observed in 2018 could be used
retrospectively, to reconstruct the living trees they had once been. For the current study, we left standing
dead wood out of the spatial analyses for both reconstructed and observed forest datasets.

Tree clumps were defined as groups of trees with overlapping crowns. The 1-ha plot boundary
was corrected by a buffer inward from the plot edge, to minimize bias towards small clumps due to
“truncated” clumps at the plot edge: any stem within the buffer was counted as a clump member, but
could not form the center of a new clump. Since the average crown diameter across all plots, irrespective
of time, was 4.59 m, we chose a buffer of 5 m from the plot edge, which would prevent most edge trees
(trees within the buffer) from being counted incorrectly as singletons due to “invisible” out-of-bounds

neighbors (Lydersen et al. 2013, Fry et al. 2014, Ng et al. 2020).
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Clumps of trees and individual trees are surrounded by non-canopy area (i.e. all area in the plot
not under a tree canopy), and non-canopy area is further divided into interstitial space and “openings”
large enough to represent an ecologically significant interruption of the forest canopy. Openings were
identified in our study using the biOm3trics/patchwoRk package in R (Sanchez Meador 2024), an
application of the PatchMorph patch delineation algorithm (Girvetz and Greco 2007). PatchMorph applies
a circular kernel, based on user-defined parameters, to a landscape of mixed “suitable” and “unsuitable”-
classified patches, delineating areas that function as suitable. Originally created for detecting habitat
patches sufficient to support wildlife, the algorithm is equally well suited to defining ecologically relevant
canopy openings within a forested area (Lydersen et al. 2013, Fry et al. 2014, Ng et al. 2020). The key
parameters of PatchMorph are the gap threshold (gapThresh) and spur threshold (spurThresh). We set
gapThresh to 12 m and spurThresh to 10 m for this analysis.

The resulting ICO distribution datasets were used to statistically compare the stand structure of
the forest at the end of the frequent fire period (1941); at the end of the fire exclusion period (1995 at IS,
2006 at OH); and in modern times, after 1-2 fires had returned (2018).

We used Fisher’s exact test to compare the number of tree clumps observed for each clump size
between the three reference years (from 1-15 trees per clump at IS; 1-18 at OH), providing an estimate of
the degree of overall forest composition change at each site. To find changes specific to individuals and
binned clump sizes, contingency analysis of binned structural categories was performed, aggregating both
IS and OH and using Fisher’s exact test with a Bonferroni correction due to multiple tests (significance
threshold of p < 0.0125). Bins included singletons (1-tree clumps), and small (2-4 trees), medium (5-9),
and large (10+) clumps (Lydersen et al. 2013, Churchill et al. 2017). We compared the distribution of
binned forest openings and binned clumps at both sites in all three reference years using permutational
multivariate analysis of variance (PERMANOVA), with “Plot” as a blocking variable due to repeated
measures. Gap-size bins were 82-500, 5001500, 1500-2500, and > 2500 m?. Data manipulation and
statistical analyses were performed in R (4.2.2) using the dplIR, patchwork, spatstat (Baddeley et al.

2024), sf (Pebesma et al. 2024), terra (Hijmans et al. 2024), and vegan (Oksanen et al. 2024) packages.
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3. Results

3.1 Non-spatial forest structure metrics

Variable Units Description

TPH trees hat Density of stems per hectare

SDI - Stand density index

QMD cm Quadratic mean diameter

mean DBH cm Arithmetic mean diameter

BA m?ha* Total basal area of stems per hectare

Table 1.1: non-spatial metrics of forest density and tree size.

Our analyses of non-spatial forest metrics (Fig. 1.1) showed no evidence for a change in average
live tree DBH between 1941 and the fire-excluded reference year (IS, p = 0.32, 0.89; OH, p = 0.17, 1), a
period of 5465 years. The number of trees per hectare (TPH) across both sites increased significantly in
the same period (+61.8 trees [25.0 per acre], 95% CI 8.5-115.1, p = 0.03). Basal area (BA) across both
sites increased significantly (+10.7 m? ha' [46.6 sq ft per acre], 95% Cl 6.9-11.9, p = 0.0003). Stand

density index (SDI) increased significantly from 73.9 to 141.5 (p < 0.001).

Change in Nonspatial Forest Metrics at Indiana Summit

Trees per ha - —— <>
Stand Density Index - _H_
Quadratic Mean Diameter - —— <
Mean DBH - -4 ——
Basal Area - ——
0 40 80 120

Change in Nonspatial Forest Metrics at O'Harrell Canyon

Trees per ha . ’
Stand Density Index - _.+
Quadratic Mean Diameter - _+
Mean DBH{  —====dgpm—
Basal Area - _._"_

0 50 100
Percent Change

1941 (estimated) ’ Fire-excluded (estimated) @ 2018 (observed)

Fig. 1.1: Change in non-spatial forest metrics at Indiana Summit and O’Harrell Canyon. 1941, the frequent-fire
reference year, represents the baseline, with fire-excluded and modern conditions shown as percent change.
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We made similar comparisons between metrics for the fire-excluded forest and the modern forest.
Over this 12—-23-year period, average live tree DBH increased significantly at IS (+13.8 cm [5.4 in], 95%
Cl19.9-17.7; p << .001), while at OH it did not change (p=0.39). IS also exhibited a marginally significant
increase in QMD for this period (treated as a plot-level variable, p = 0.05). The change in TPH across
both sites was negative but not significantly so (p = 0.13). Basal area did not change significantly (p =
0.77) and was the only metric that showed opposite signs at either site for this time period (slight increase
at IS, decrease at OH). SDI decreased, but not significantly (141.5 to 129.1; p = 0.46).

3.2 Stand maps

The clump detection algorithm allowed a comparison of individuals, clumps, and openings at
each site and across both sites during the fire exclusion period (Fig. 1.2a and b). At IS, average clump size
increased from 1.45 to 2.53 trees, an increase of 1.08 trees (p << .001). At OH, average clump size
increased from 1.29 to 1.96 trees, an increase of 0.67 trees (p << .001). Across both sites, the average
clump size increased from 1.38 to 2.26 trees (+0.88, p <<.001).

The proportional area belonging to each structural category shows a shift toward larger clump
sizes, and away from single trees and openings, for each site during the fire exclusion period (Fig. 1.3). At
each site, the most notable change in structural categories on a per area basis was the decreased area in
openings (-18.2% at IS, -24.9% at OH).

From the end of the fire exclusion period to the modern forest, average clump size did not change
significantly at either site (IS, p = 0.48; OH, p = 0.79), nor for both sites pooled together (p = 0.36). The

proportion of plot area in forest openings increased by 10.7% at IS and 9.3% at OH during this period.
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Fig. 1.2: Top-down maps showing crowns and stems of living trees at Indiana Summit (1.2a) and O Harrell Canyon
(1.2b). Columns show frequent-fire reference year (1941, reconstructed); fire-excluded reference year (1995 at IS
and 2006 at OH, reconstructed); and the modern reference year (2018, observed). Each plot (rows) is 1 ha in size.
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Fig. 1.3: Proportion of forest area in each structural group: individuals; small (2-4 tree), medium (5-9 tree), and
large (10+ tree) clumps, and interstitial space. At each of the two sites (Indiana Summit, top row,; O Harrell
Canyon, bottom row) we surveyed three 1-ha plots, which have been aggregated for this analysis. Columns show the
frequent-fire reference year (1941, reconstructed); the fire-excluded reference year, one year before the return of
fire (1995 at IS and 2006 at OH, reconstrcuted); and the modern reference year (2018, observed).

3.3 Changes in distribution of Individuals, Clumps, and Openings

The change in the overall frequency distribution of singletons and tree clumps of all sizes was
highly significant at both sites from 1941 to the fire-excluded reference years (p < 0.001 at IS, p = 0.03 at
OH), but not from the fire-excluded years to 2018 (p = 0.94, 0.92) (Table 1.2). Binned forest openings,
combined between sites, shifted towards smaller sizes in the fire-exclusion period; their distribution was
marginally different between the two reference years (p = 0.06) (Fig. 1.4). The distribution of counts per
hectare for all structural categories (binned gaps (Fig. 1.4) and binned cluster sizes (Fig. 1.5)) also
changed significantly from 1941 to the fire-excluded year (p = 0.03).

From 1941 to the end of the fire exclusion period, the proportion of trees that were singletons
decreased from 55.2-24.0% at 1S, and from 62.0-34.4% at OH. Contingency analysis of binned clump
sizes across both sites revealed a highly significant change in the proportions of all but one structural
category from 1941 to the end of fire exclusion: a decrease in the proportion of tree clumps that were

singletons (76.5 to 58.3%, p << .001); an increase in small (2—4 tree) clumps that did not meet the
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threshold for statistical significance (22.8 to 33.9%, p = 0.29); an increase in medium (5-9 tree) clumps
(0.3 10 9.1%, p <<.001); and an increase in large (10+ tree) clumps (0.3 to 2.3%, p << .001).

While there was a shift toward less total area in openings during the fire-exclusion period, the
average number of openings per hectare increased (from 4.3 to 5.2). The average gap size across both
sites decreased by over half (from 1086 m? to 493 m?), although this change was only marginally
statistically significant (p = 0.07).

From the end of the fire-exclusion period until 2018, none of the clump sizes showed a significant
change. The average openings per hectare decreased from 5.2 to 3.5, though not achieving statistical
significance (p = 0.13). The overall change in the distribution of binned forest openings was not
significant (p = 0.31), but the distribution of counts per hectare for all structural categories was
marginally significant for this period (p = 0.06). However, the average gap size in 2018 was 1014 m?, and

mean gap size was not significantly different from mean gap size in the original 1941 forest (p = 0.87).
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Frequency distribution of forest opening size categories, expressed in square meters (Fig. 1.4) and tree clump size
categories, in number of trees per clump (Fig. 1.5), averaged across Indiana Summit and O’Harrell Canyon. Bars
represent standard error.
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4. Discussion
4.1 Overview

Our results showed that 54—65 years of fire exclusion in an Eastern Sierra Jeffrey pine forest led
to denser stands with fewer, smaller openings and larger clumps of trees. The changes observed were
aligned with trends in more mesic Western Sierra mixed conifer forests, with two exceptions: (1) average
DBH did not decrease in our study system, as it has across much of the Western Sierra in fire-excluded
stands; (2) the fire-excluded forest in our study had much lower average cluster size than fire-excluded
West-side forests. Comparing the fire-excluded forests to the 2018 condition, after 1-2 fires, we found
that the return of fire to the landscape had partially reversed the changes that occurred during the fire
exclusion era.

4.2 Frequent-Fire to Fire-Excluded Period (1941 to 1995/2006)

Increases in average clump size, more area in large clumps, and less area in gaps is consistent
with changes observed in fire-excluded Western Sierra forests (Lydersen et al. 2013) and with
comparisons to a different old-growth Jeffrey pine forest in Northern Mexico (Fry et al. 2014); however,
our site had about twice the proportion of single trees as these Western Sierran and Northern Mexican
analogues, and only one-fifth to one-third as many trees in large clumps. (We compared our Fire-
Exclusion dataset with Lydersen et al.’s 1929 and Fry et al.’s Northern Mexico sites, because the fire
exclusion period for each was 40 and 68 years, comparable to our 54-65.) The change in average gap size
and gap size distribution was pronounced during the period of fire exclusion, but it was neither the most
nor the least extreme result among studies on Western forest reference conditions. On the West slope of
the Sierra, the era of fire suppression all but erased forest openings from the landscape in many areas
(although typically this change took two to three times longer than the half-century of fire exclusion
experienced at our sites) (Lydersen et al. 2013). By contrast, Fry et al. found no significant difference in
gap size distribution between fire-adapted P. jeffreyi forests in Northern Mexico and their fire-suppressed
Sierra comparison sites. Although we observed an increased density of stems and increased average

clump size during the fire-exclusion period, a slower rate of growth, dry conditions, and predominance of
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shade-intolerant species mean eastern Sierra forests are less departed from frequent-fire conditions than
their west-side counterparts. The consistent average DBH may also be in part due to the lack of logging
activity in our study area, which tends to remove the largest trees. Our findings for this period were in
agreement across both our study sites (IS and OH).

As on the western side of the Sierra, a lack of fire led to a change in species composition, at least
at one of our two sites. While IS was nearly a pure P. jeffreyi stand in all three reference years (with
single-digit numbers of P. concolor the only exception), OH exhibited more species diversity, and a shift
towards more shade-tolerant species during the fire exclusion period. In the 1941 forest reconstruction for
OH, we found that P. jeffreyi made up 86.1% of the live trees, with only 3.1% A. concolor and 10.6% J.
grandis. The fire-excluded condition there (2006) featured 63.8% P. jeffreyi in the live-tree canopy, with
11.2% A. concolor and 20.7% J. grandis (the remainder P. concolor). This finding is consistent with
observations across Western U.S. forest, that fire-suppressed forests feature higher proportions of shade-
tolerant trees like A. concolor compared to frequent fire forests (Mclntyre et al. 2015, Safford and Stevens
2017).

4.3 Fire-Excluded to Modern Period (1995/2006 to 2018)

Our results also indicate that the structural characteristics of a fire-adapted Eastern Sierra forest
have been partly restored since fire returned to this landscape, especially at the site which burned twice, at
moderate severity, in the last 23 years (1S). We examined the spatial and structural changes caused by the
return of prescribed and/or wildfire to the landscape, by comparing the fire-excluded forest to the forest in
2018. We found that both sites recovered about half of the losses to their total area in openings (using the
1941 forest as the baseline), and average opening size was restored to 1941 levels. Average gap size and
total gap area have discrete ecological impacts and are both useful metrics for restoration management.

The sites differed in the trends in their average stem density and tree size: while OH saw a modest
recovery of TPH (about 20% restored to 1941 values), and had no significant change in average DBH
during the fire-return period, 1S, in contrast, had almost full recovery of 1941 live stem density, and an

increase in mean DBH. This difference between the two sites is likely due to the fact that IS had burned
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twice since the end of the fire exclusion period, and had burned more recently by the time we gathered the
2018 data (two years prior, vs. 11 years at OH). In fact, 56.2% of the increase in mean DBH at IS can be
attributed to removal of the Class 1 snags (n = 181, mean DBH 21.1 cm) from the live tree population by
the 2016 Clark Fire. These two cases suggest the necessity of multiple burns in restoring fire-adapted
forest structure, and we caution that the severity of the fires in question is also important. Our study plots
at IS were burned in a prescribed fire treatment between 1996-1998, and reburned at low-to-moderate
severity in the 2016 Clark Fire. Plots outside the prescribed burn area from the 1996-1998 treatments
burned at 37% high severity, and sustained much higher mortality. OH, which had lower stem density and
fuel loads compared to IS at the time of fire’ return, burned at moderate severity during its first fire event
after the fire exclusion period, despite having had no prior thinning or prescribed burning. In low-density
areas, and barring extreme fire weather, managed natural fire can begin the work of restoring fire-adapted
stand structure. However, if dense, fire-excluded forests are exposed to high severity fire without any pre-
treatment, fire is unlikely to help restore reference conditions, and may instead cause high enough
mortality to put large areas of the forest at risk of regeneration failure (Meyer et al. 2019).
4.4 Limitations

The methods of our study feature a number of limitations which may affect the interpretation of
our results. A key assumption of our study is that the frequent fire period lasted until the mid-20th
Century at both sites. We base that assumption on a study of fire scar data from the forests surrounding
our two study sites (North et al. 2009), but did not conduct original research for the purpose of developing
site-specific fire histories. One team conducting research at Site 395, close to our sites, concluded (first)
that fire cessation began in 1892 in this area, as in other Sierra sites; and (second) that the Jeffrey pine
forests of the area experienced a 170-year gap in recruitment from the mid-18th to early 20th Century
(Brown et al. 2010). The latter finding is in conflict with our own results, which do not support the
occurrence of a recruitment gap at that time, and we propose that the lack of evidence of fire scarring was

related to low sample size.
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Our choice of study site was partly motivated by the relatively late start of fire suppression in the
area, but it is difficult to attribute that sustained fire period to either the circumstances of land use history
or local climate alone. Fire suppression started later here at least in part because European colonizers used
the area primarily for mining rather than farming or grazing (North et al. 2009), and did not establish
large permanent populations. The high elevation, harsh winters, and poor soil contribute both to the
growth conditions in the area and the type of land use by indigenous people and settler-colonizers.

There are certain disadvantages to choosing presettlement conditions as a reference condition for
fire-adapted forests, or any type of ecological restoration: some consider it overly prescriptive, as climate
and society have changed dramatically (Urgenson et al. 2018); and past conditions may have exhibited
nonequilibrium dynamics, making them less useful as management targets (Swetnam et al. 1999). Still,
spatially explicit reference conditions are the best-suited to testing against projected climate conditions
(Churchill et al. 2013).

Over the course of the 77 years examined in our study, the slow changes brought about by fire
exclusion were occurring in tandem with, and likely influenced by, changes in global climate.
Atmospheric CO- levels have risen by about 100 ppm since then (Gulev et al. 2021), hastening both
abrupt disturbances like hotter droughts, and also gradual shifts in growing conditions (USGCRP 2018).
Forest mortality in Sierra Nevada increased twofold 1983-2004 (van Mantgem and Stephenson 2007), and
forests in the southwestern United States have a demonstrated lack of regeneration due to climate-related
changes in environmental stresses like soil water and temperature (Petrie et al. 2023). It is likely that
during the fire exclusion period (1941-1995/2006), the increased stand density indicated in our results
occurred in spite of climate-induced increases in mortality rates. On the other hand, the effect of fires
from 1995-2018, restoring lower-density forests with more openings, was probably aided to some degree
by climate-induced increases in mortality and reductions in regeneration.

4.5 Conclusions and Management Recommendations
Our study provides the first spatially explicit evidence of fire suppression and fire return’s effects

on Eastern Sierra Jeffrey pine forests, which can inform management decisions in this ecosystem.
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In seeking to restore frequent-fire conditions, forest managers have a number of tools at their
disposal: Western Sierra studies on fuels management focus on mechanical treatments, prescribed fire,
and their combination, with an additional variable to account for the frequency of application for each
treatment (Stephens et al. 2024, Brodie et al. 2024). Such research has found that a combination of
thinning and prescribed burning is typically the most effective in moderating the effects of modeled
(Stephens et al. 2024) and real-world (Brodie et al. 2024) fire return. The longevity of treatment effects
depends on site productivity, indicating that such treatments can have long-lasting effects in dry,
relatively slow-growing East Sierra Jeffrey pine forests.

The Eastern Sierra Climate and Communities Resilience Project, informally known as the
“Mammoth Donut,” is an ambitious project that will unfold over the next 15-20 years, attempting to
return the forests to a condition that can withstand both prescribed and managed natural fire (Pusina et al.
2023). As the Clark Fire at IS demonstrated, high-severity, uncontrolled wildfire can have devastating
impacts on fire-suppressed forests if they have not been treated with some level of active management in
preparation (Meyer et al. 2019). Our study shows that first- and second-entry, low-to-moderate-severity
fires (natural at OH, and a mix of natural and prescribed at IS) are able to partially restore historical
conditions in fire-excluded forests. Along with mastication and thinning, prescribed burns and managed
natural fires will be an important tool to prepare Eastern Sierra communities for fire resistance and

resilience (North et al. 2012).
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Chapter 2: TinyFACE: a low-cost field experiment for elevated CO- research on plants
Abstract

Rising atmospheric CO- levels place terrestrial ecosystems under novel environmental conditions,
and research in field settings is key to understanding how real plant communities will respond. Despite
decades of progress in elevated CO, (eCO-) experiments, major gaps persist in our knowledge of plant
responses to interacting influences of climate change, especially in areas outside North America and
Western Europe.

With a goal to expand access to field-based eCO; research, we designed, built, and tested
TinyFACE, a low-cost field experiment for climate change research on plants. TinyFACE features sixteen
0.5-m? plot areas, half with ambient and half with elevated (+200 ppm) CO. concentrations.

Using a proportional-integral control algorithm and constant sampling of air within the plots,
TinyFACE achieves consistent elevation averaging +196.9 ppm. During testing, 95.1% of measured CO,
concentrations fell within 20% of the set point (ambient CO, + 200 ppm). A streamlined design and
efficient use of instrumentation reduced the cost of the system to as low as one-fourth of the cost of
similar experiments from the past 30 years ($16.57 vs. $64.65 ppm™* m, adjusted to 2024 USD).

Our results demonstrate a system capable of precise and accurate field-based CO; elevation for
significantly reduced cost. We envision the TinyFACE design being implemented in a multitude of field-

based eCO; studies, perhaps as part of a globally distributed collaborative network experiment.

Keywords: climate change research, CO,, experimental ecology, FACE, plant physiology

1. Introduction

Atmospheric CO; concentrations are at their highest level in 3 million years (Gulev et al. 2021),
and while they are projected to continue rising, they have already dramatically changed Earth’s biosphere.
To study plant responses to rising CO- levels, researchers have long been interested in exposing field-

grown plants to CO.-enriched (eCQOy) air, thus avoiding the pot and chamber effects and altered
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microclimates of enclosed planting areas (Ainsworth and Long 2021), and solving the problem of low
correspondence between field-grown and lab-grown plants (Poorter et al. 2016). The most prominent
example of this type of study is Free-Air CO, Enrichment (FACE). Field-based eCO; research methods
like FACE are not new: the first FACE studies began more than 35 years ago (U.S. DOE 2020),
comparing plant growth at ambient CO- levels (then, 360 ppm) and under eCO; treatment (550 ppm).
Mean annual CO; levels today have surpassed 420 ppm (Gulev et al. 2021). At current emissions levels,
they will reach 550 ppm within a few decades (IPCC 2021), meaning that in field settings, what once
passed for CO, treatment will become the control. The accelerating increase in global CO, concentrations,
and the myriad questions still left to explore using field-based eCO; experiments, motivated us to design a
system that will make these methods more accessible for climate change researchers.

Although three decades have passed since the first FACE studies began, the spatial bias in this
type of research has been largely unchanged, with the large majority of studies occurring in temperate
ecosystems, mainly in North America and Europe (Norby et al. 2016). As recently as 2014, of 147 studies
reviewed, over 75% were in temperate forests (68%) or grasslands (8%) (Jones et al. 2014). Few FACE
studies have occurred in boreal and tropical ecosystems, in spite of those ecosystems’ high capacity for
carbon storage and uptake—one tropical rainforest FACE system (AmazonFACE) and one boreal FACE
system (SwedFACE), begun in 2016 and 2017 respectively, are the only exceptions thus far (Norby et al.
2016). Rather than maintaining or even accelerating the addition of FACE studies to rectify this
imbalance, interest in funding FACE and similar studies has dwindled since the late 2010s, leading to a
decline in field-based eCO; research (Jones et al. 2014, Fangmeier et al. 2016, U.S. DOE 2020).
Expanding access to eCO; research methods will therefore require minimizing costs while maintaining
the rigorous standards of the FACE research protocol.

Since the late 1990s, FACE researchers have applied certain standards for spatial and temporal
control: namely, less than 10% deviation in mean CO; concentration between the center of a treatment
plot and any other point within the plot; and at least 80% of measured CO, concentrations falling within

20% of the eCO set point (Miglietta et al. 2001). In addition to these standards, FACE and other eCO>
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studies typically seek to avoid creating microclimate effects that alter the plant growth environment in
unintended ways. eCO, studies have taken various approaches to simultaneously minimize costs,
maximize design flexibility and number of replicates, ensure homogeneous CO; distribution, and avoid
microclimate effects (Fangmeier et al. 2016). Study designs include full-scale FACE experiments (up to
3000 m? in size) (U.S. DOE 2020), miniature FACE experiments (Miglietta et al. 2001), open-topped
chambers (OTCs) (Messerli et al. 2015), and systems to distribute CO- directly into the plant canopy
through porous tubes (Pepin and Kdrner 2002, Fangmeier et al. 2016), among others. We chose Screen
Aided CO; Control (SACC), a middle ground between traditional FACE and OTCs, which is appropriate
to short-stature plants (up to 0.5 m in height).

SACC is less expensive than true miniature FACE due to lower CO; supply, but it avoids most of
the undesirable microclimate effects of OTCs (Leadley et al. 1997). For instance, the first example of a
SACC system featured a near-surface air temperature difference of +1°C over the control as an artifact of
the system design, compared to +1-3°C for contemporary OTCs. Additionally, peak air temperatures
within SACC units did not exceed +2.5°C above controls, while OTCs were found to cause +4—7°C
change in peak temperatures (Leadley et al. 1997). Lower cost per treated area provides the opportunity
for larger plots, more replicates, higher CO, treatment levels, or a combination of all three. More
replicates and larger plots can provide space for multi-factor experiments, with (e.g.) water stress,
temperature, ozone or other pollutants as a secondary treatment, allowing tests for interactions between
multiple ecophysiological variables (Way et al. 2015). Alternatively, even single-factor, moderately
replicated FACE studies would be novel and useful in the many tropical and boreal ecosystems that are
still understudied in the history of eCO; research (Jones et al. 2014).

Our goal in this study was to design, test, and describe a new SACC system for eCO; research on
plants in field settings, hereafter called TinyFACE. TinyFACE is capable of CO; enrichment consistent
with other published eCO- studies of short-stature plants, at as low as one-third of the cost. We describe
the design, construction, and performance of the TinyFACE system, and discuss potential applications of

the system in future climate change research.
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Fig. 2.1: Structure and layout of TinyFACE, a field-based system for performing CO. enrichment experiments in
plants. Shown are the central blower, the ducting system and outlet tubes for air delivery, and the sixteen 0.5-m?
growth plots, which house study organisms (not pictured). The red arrow indicates the point of CO; injection into
the lower level of the ducting system.

2. Materials and Methods

TinyFACE (Fig. 2.1) is a modular, customizable CO; enrichment system, designed for growing
small plants in field settings under the conditions of future climates. The version described here,
constructed in January 2022, includes sixteen circular 0.5-m? plots, with half of the plots receiving eCO»,
and half serving as ambient controls. The CO; enrichment system itself is composed of two
subcomponents, one for CO; injection and bulk air flow (Air Supply) and the other for CO; regulation
and data collection (Measurement). CO- injection is regulated by an algorithm that responds to per-
minute plot-level CO; data collected by the measurement system.
2.1 Site Description

The TinyFACE system was built, tested, and operated at Quail Ridge Reserve of the University
of California Natural Reserve System, in Napa County, CA. The experimental site is next to the
Researcher House, on the eastern side of the ridge, at 365 m elevation. The area occupied by TinyFACE

has a slight slope of 1.7°, with an aspect of 88°. Average precipitation at the site since 2017 is 44.8 cm per
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year, falling mainly between the months of October and March. The open blue oak (Quercus douglasii)
woodland at this location is sheltered by surrounding hillsides, and thus protected from extreme high
winds. Average temperatures are 8°C in January and 28°C in July (UC NRS 2015).

2.2 Air Supply System

CO; delivery is achieved through two closed circuits of 8 (20.3 cm) snap-lock galvanized steel
ducting (Fig. 2.1). The ambient CO; circuit is stacked on top of the elevated CO; circuit, supported by 1.2
m wooden stakes, and together they form a 3.8 x 3.5 m rectangle. Each side of the rectangle has two
outlet holes cut into the upper ducting, and two in the lower ducting, for a total of four outlets on each
side (to fumigate 16 total plots). The holes were cut with a 32-33 mm hole saw to accommodate 3.3 cm
(outer dia.) bulkhead fittings, which provided a spot for outlet tubes to attach. Two-meter lengths of
flexible 3.2 cm (inner dia.) PVC tubing connect each outlet hole to a closed loop of perforated 3.2 cm
PVC tubing encircling each plot. Seven mm holes drilled every 5 cm in the perforated tubes deliver air to
the plots where plants are grown. The perforated pipes are mounted on 0.6 m wooden stakes, holding the
pipes 10 cm from the soil surface. A semitransparent screen made of 6 mil greenhouse plastic encircles
each plot from 10 to 43 cm above the soil surface. The screen allows turbulent mixing of air from the 10
cm gap at the soil surface, while slowing the dispersion of CO.-enriched air from around the plot. The
diameter of the circle encompassing each plot is 79 cm, such that each plot is approximately 0.5 m?in
area.

In the center of the ducting system is the %4 horsepower, 865 cubic ft min™ capacity (24494.1 L
min™) blower (1963K15; McMaster-Carr, EImhurst, IL), protected from the elements by a plywood
shelter. The blower provides bulk airflow to the upper and lower ducting circuits, connected to both via a
register box, a Y-shaped galvanized steel fitting, and two 1.2 m lengths of flexible aluminum ducting.

CO; issues from a 180L liquid CO, dewar (180LT350; AirGas, Radnor, PA) attached to a CGA
580 regulator. A regulator outlet setting of 0.06 MPa delivers adequate flow without over-pressurizing the
system. With this setting and a CO; elevation level (ASef) of +200 ppm, one 180L dewar lasts about 45

days. UV-resistant, 0.6 cm PVC tubing (BevaLine) connects the pressurized CO- outlet to the CO;
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injection point in the lower branch of the ducting system, past the Y-shaped fitting at the mouth of the
blower. Between the 180L dewar and the CO injection point is the Mass Flow Controller (FMA5524A;
Omega Engineering, Norwalk, CT), regulated by the measurement system, which dictates the volumetric
flow rate of the pure CO; stream injected into the lower ducting system, as necessary, to achieve the
desired CO; elevation at the plots.
2.3 CO; Measurement System

CO;, control and data collection (Fig. 2.2) rely primarily on a data logger (CR3000; Campbell
Scientific, Logan, UT) and a CO2/H,0 Gas Analyzer (LI-840A; LI-COR, Inc., Lincoln, NE). The gas
analyzer measures the CO; concentrations of air samples pumped to it from sampling points in the centers
of three of the 0.5-m? plots. The data logger passes the CO, concentration data to a program containing a
proportional-integral (PI) algorithm, which regulates the rate of CO; delivery through the Mass Flow

Controller, enabling the system to respond to deviations from the desired CO; elevation level.
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Fig. 2.2: System control of the TinyFACE CO elevation protocol. CO, concentrations are continuously
measured in the ambient and elevated plot as shown, providing a reference for the realized elevation
(AObs) as compared to the desired elevation (ASet). The difference between these numbers controls the
proportional-integral algorithm (at right), which in turn up- or down-regulates the CO; flow via the Mass
Flow Controller.
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2.3.1 PI Algorithm and CO2 Control Program

The CO, control program was written in Campbell Science Short Cut (v2.8) and CR Basic
software, and uploaded to the data logger. The program has four main features: data collection, Pl
algorithm, PAR threshold for CO; delivery, and direct control settings (used for calibration and testing).
Air samples drawn from respective plots provide the basis for Ambient CO, (CO2ref) and elevated CO;
(CO2elev) measurements, which are used to calculate the observed difference in CO, between ambient
and elevated plots (AObs). We chose a CO, treatment level (ASer) of +200 ppm, which is standard among
FACE studies as it provides insights into expected CO; effects for the mid-to-late 21st Century
(Ainsworth and Long 2021). When the program is running, the minute-to-minute difference between
observed and desired ACO is used to calculate the parameters of the PI algorithm:

P = (ASet — AObs) X Pygin (egn 1),

where Pgain Sets the sensitivity of the correction factor P.

1
[ =1+ (ASet — AObs) — raifife Lyain (eqgn 2),

where lgain Sets the sensitivity of the correction factor I, and halflife is a length of time affecting the decay
rate of a given CO; deviation’s effect on the correction factor.

MFCOut = MFChase + P + | (egn 3),
where MFCbase is a baseline number in mV that sets the Mass Flow Controller’s flow to a default value
capable of achieving +200 ppm; and MFCout is the corrected mV, accounting for P and I, that dictates
the flow through the Mass Flow Controller.

Based on these equations, when AObs is below ASet, P and | take on positive values, MFCout is
raised above the default value, and the system upregulates the CO, stream allowed through the Mass Flow
Controller (by increasing MFCout ). When AObs is above ASet, P and | become negative, and MFCout is
reduced below the default value, lowering the rate of flow for the CO, stream passing through the Mass

Flow Controller.
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In our testing of the system, the best results were achieved when Pgain and lgain were set at 0.7
and 0.3, respectively; halflife was set at 180 s; and MFCbase was set at 1000 mV. (The 0-5 V setting for
the Mass Flow Controller translates to a 0-20 L min™* flow rate; i.e. 1000 mV corresponds to 4 L min™.)
These values were determined with the use of the “MFC Direct Control” parameter, which allows the user
to test different baseline settings of the Mass Flow Controller and find a suitable starting point for the PI
algorithm to act upon. In summary, we calibrated a base flow of CO, that on average achieved the ASet of
+200 ppm, and then relied on the Pl algorithm to adjust for expected deviations from achieving this
target.

Because our primary interest is to determine the effects of eCO- on photosynthesis, the data
logger is programmed to shut off CO, delivery once ambient light levels drop below a certain threshold.
The threshold value for photosynthetically active radiation (PAR) is determined by the PAR sensor, and
the program specifies that at values below 50 umol m2 s™! the Mass Flow Controller valve will close,
preventing the flow of CO; to the plot during periods with insufficient light for photosynthetic activity.
2.3.2 Sampling Tubes and Instrumentation

The system control loop is based on the sampled values of CO2ref and CO2elev, which are in
turn based on air samples drawn from designated ambient and elevated plots. A third sampling line
(which measures CO2test) can be moved between various plots, or various places within and outside of
the plot areas, to test for consistency in CO; elevation throughout the system.

Three lines of 0.6 cm BevaL.ine tubing connect the sampling points to the gas analyzer. Air is
drawn from the plots to the gas analyzer with a 12V mini vacuum pump. To ensure regular CO; delivery
adjustments using a single gas analyzer, the system cycles through each of the three sampling lines every
minute. The cycling is achieved with the help of three solenoid valves, which receive a signal from the
data logger via three ports on an eight-channel relay, and stay open for 20 s out of each minute in rotation.
The average reading of each 20 s interval is stored as that line’s current CO2, and that value is then used
to determine AObs for the PI algorithm. These data are stored every 20 s. We determined that 20 s at the

system’s typical flow rate was enough time for air to move through the tubes from the sampling point to
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the gas analyzer, by breathing into the far end of the tube and inspecting the data readout for CO, spikes
in sampled air.

The electronic components of the CO Control system (datalogger, gas analyzer, Mass Flow
Controller, sealed lead acid battery, eight-channel relays, solenoid valves, power transformers, vacuum
pump) are stored in two weather-proof boxes. Although in our system they were located in the same box,
our recommendation is to separate the Mass Flow Controller from the gas analyzer. Otherwise, any leaks
in the CO7 injection stream through the Mass Flow Controller will affect the gas analyzer’s CO- readings
and hinder the control system’s functioning.

Wind speed is measured using an anemometer 0.5 m above the soil surface. Wind speed was not
associated with CO; control in our design, but it can be incorporated as part of the regulatory system if
desired.

2.4 Budget and Parts Specifications

The structural elements of the system can be built for approximately $2500. The CO; supply for
our preliminary study lasting 18 months (see Chapter 3) also cost approximately $2500. The instruments
for monitoring and control collectively cost approximately $12,000. Table 1 contains an itemized list of
components, including product names, manufacturers, and prices.

2.5 Performance Testing

The system’s final calibration was performed on April 8, 2024. First, we calibrated the
adjustments to readings from the gas analyzer, using the observed CO concentration from (1) a canister
of soda lime (0 ppm CO,) and (2) a tank of calibration gas (297 ppm CO,). The resulting observed “Zero”
and “Span” values were used to correct the raw output from the gas analyzer and translate into ppm.
Finally, we adjusted the MFChase parameter to a suitable starting point (1000 mV) for achieving a CO,
elevation of +200 ppm. Spatial and temporal control were tested on the days of April 9 and 10, 2024, and
in a subsequent 10-day test from April 10-19.

During the two days of spatial control testing, we used the test sampling line to quantify

performance at different points within and between the sixteen 0.5 m? plots. The eCO, sampling line
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GE

Item Name Model/Type/Size Part No. Supplier Unit Cost | No. | Total Cost

Snap-lock duct I Master Flow, 8"x5' ' 100172984 ' Home Depot $12.68I 16I $202.88
Elbow fitting Master Flow, 8" 90° 100187427 Home Depot $7.63 8 $61.04
Splice collar Master Flow, 8" 204169131 Home Depot $16.21 6 $97.26

Tee fitting (duct) Master Flow, 8" 100128619 Home Depot $18.61 2 $37.22
Duct sealant Master Flow Water Based 100396972 Home Depot $4.98 2 $9.96
Duct tape ShurTape 2.5"x60yd 312460633 Home Depot $16.58 2 $33.16
Support stakes Pine wood stakes, 1"x2"x4' 349466 Home Depot $3.98 16 $63.68
Bulkhead fittings PVC, 1.3"OD B08ZMW167T Honoson $4.00 20 $79.95

—2 Hose clamps Everbilt 3/4-1 3/4" 202309386 Home Depot $1.40 20 $28.00
U%)‘ Flexible PVC tubing 11/4"1D LPpvc125-100ft Duda Energy $2.43 300 $727.98
Z | Tee fitting (tubing) 11/4"x 1 1/4" OD 41776 Boshart Industries $2.59 20 $51.80
Screen stakes Pine wood stakes, 1"x2"x2' 203316911 Home Depot $0.58 180 $104.70
Greenhouse plastic Clear Polyethylene, 6 mil, 8'x48' BO8PNBVSKN A&A Green Store $69.99 1 $69.99
Blower 120/230V AC, 865 CFM 1963K15 McMaster-Carr $428.66 1 $428.66
Register box Master Flow, 14"x6" to 8" 100135879 Home Depot $10.82 1 $10.82
Wye Ideal-Air Branch, 8x8x8" 736200 Ideal-Air $37.01 1 $37.01
Aluminum flex pipe Master Flow, 8"x8' 204090951 Home Depot $28.69 1 $28.69
Bev-A-Line® IV tubing 1/8"ID x 1/4" OD x 1/16" Wall 56289 US Plastics $0.51 50 $25.50
Regulator 9296 Harris Products $286.31 1 $286.31
Data logger " CR3000 Micrologger I Campbell Science $3,960.00I 1 $3,960.00
Gas analyzer Li840-A CO2/H20 LI-COR $4,900.00 1 $4,900.00
Mass flow controller Max flow rate 20 L/min FMAS5524A Omega $1,276.26 1 $1,276.26

% PAR sensor LI-250A LI-COR $279.00 1 $279.00
5 LoggerNet Campbell Scientific $969.45 1 $969.45
3"’:33 Bev-A-Line® IV tubing 1/8" 1D x 1/4" OD x 1/16" Wall 56289 US Plastics $0.51 150 $76.50
E Vacuum pump DC 12V, 5L/min 120kpa BO8FX6VGVH Yosoo Health $23.00 1 $23.00
S | solenoid valves $15.00 3 $45.00
8-channel relay $15.00 3 $45.00
Battery 12v $25.00 1 $25.00
Weatherproof boxes $200.00 2 $400.00

Grand
Table 2.1: parts list and budget for TinyFACE construction and operation. Total: $14,523.82




remained stationed 10 cm above the soil surface, directly over the center point of Plot 9. The test
sampling line was then moved between sampling points every 20 min for the following sets of values:
points above the plot center, points in a 12-point sampling grid inside the screen, points outside the screen
(north, east, south, and west, in 10 cm increments from 10-50 cm), and finally the center points of each of
the 16 plots. All plot-level tests were conducted on Plot 9. Lastly, taking advantage of grasses that had
grown nearby, we tested CO; elevation performance with varying heights of vegetation: short (10 cm)
grass, medium (25-35 cm), and tall (50-60 cm, above the height of the 43-cm screen); each vegetation
height was measured once at canopy height and once at 10 cm above plot center.

Microclimate effects of the screens around each plot in the TinyFACE system were tested on
June 29th, 2024 (daily high 31.1°C, low 21.1°C, cloudless). Over the course of the day (from sunup to
sundown, every 2 h), we collected measurements of PAR and ground surface temperature on bare soil
within the plot areas and outside the screens. For both temperature and PAR, measurements per plot were
taken as the average of a 12-point sampling grid, and a subset of four plots were measured. (No difference
was detected between eCO; and aCO; plots, so data were combined.) Values from outside the screens (n
= 4) were taken as the average of an identical 12-point sampling grid, placed outside the enclosing screen
and at least 15 cm away from the plot boundary. PAR was measured using a handheld light meter (LI-
250A, LI-COR, Inc.; Lincoln, NE), comparing light received at the soil surface in vs. outside the plastic
screens. Surface temperature was measured using an infrared surface thermometer (561; Fluke, Everett,
WA).

Data processing and analysis was performed in R (v4.2.2). We used a gridded bilinear spline
function (Akima 1978) to interpolate the data for horizontal control of CO; elevation at the plot level.
3. Results

Here we provide an evaluation of the system performance in terms of temporal control, single-
plot and between-plot spatial consistency, and the CO; delivery rate required to achieve the desired

elevation.
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The system demonstrated consistent CO- elevation with good temporal control over 10+ days of
testing. A density plot of observed CO; elevation values from Plot 9 is shown in Fig. 2.3; data are 20 s
averages of daytime values between April 9-19, 2024. Over this period, mean CO- elevation was +196.8
ppm (sd = 63.6), and 95.1% of all elevated values were within 20% of the target concentration (ambient

value + 200 ppm).

Daytime CO2 Elevation: 4/9-4/19/24
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Fig. 2.3: Density plot of CO; elevation over ten days of testing in April, 2024. Data represent 20 s means of the
difference in daytime CO; concentration between ambient values and an eCO; treatment plot.

Spatial control was also strong, both between the eight eCO; treatment plots and within the screen
of a single plot. Testing between plots (conducted April 10, 2024) demonstrated an experiment-wide
mean elevation of +209.9 ppm (sd = 56.7), with 100% of measurements within 20% of the target
elevation, and 96.9% within 10%, during the entire between-plot testing period. Per-plot means (sd) from

sampling points 10 cm above plot centers ranged from +166.4 ppm (64.6) to +238 (66.0) (Fig. 2.4).

ACO2 Across All Plots, April 10, 2024

g2l ¢ ? + t t + +
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Fig. 2.4: Mean and standard deviation of CO, elevation achieved for each of 16 treatment plots.
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Plot-level testing involved horizontal variation (within and outside the screen), vertical variation
(above plot center), and performance with varying heights of vegetation. The average elevation across all
12 sampling points within Plot 9 was +198.9 ppm (53.4), with a range in means of 160.8-256.1 ppm. The
mean difference between sampling points and the CO; concentration measured at plot center was -3.35%
(sd = 4.35). Outside the screen, CO; elevation levels declined from a mean of 42.6 ppm (49.1) at 10 cm
from the screen to a mean of 15.6 (36.9) ppm at 50cm. The interpolated and measured values for

horizontal CO; control are shown in Fig. 2.5.

ACO2

. 200
150
100
50

Fig. 2.5: Measured (humbers) and
interpolated (colored squares) CO;
elevation for a single plot. The black
circle shows the enclosing screen
(79 cm diameter).

Vertical control was measured in 10 cm increments directly above the plot center, from 10 cm to
100 cm in height (Fig. 2.6). Elevation values within the screen (i.e. below 43 cm in height) averaged
+198.3 ppm, while values rapidly declined above the top of the screen.

We conducted limited tests on the effects of vegetation height on the CO; control performance of
TinyFACE. CO; elevation sampled at 10 cm above plot center increased monotonically with vegetation
height. Elevation values taken at canopy height were highest for medium vegetation and lowest for high

vegetation (Fig. 2.7).
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During the ten-day testing period, TinyFACE demonstrated a highly efficient rate of CO,
consumption. With an average operational flow rate of 3.97 L min from the liquid CO, dewar, and a
total of 4 m? of plot area under eCO, treatment, the system requires 2.62 kg CO, m?d* when CO; is
flowing. Because our system is designed to shut off CO, delivery when PAR is below 50 pmol m2 s},
the 24-h average is lower, at 1.64 kg m2d=.

In tests on microclimate effects of the enclosing screens, we found that the screens kept the soil
surface slightly cooler: the mean difference in soil temperature inside the screens averaged -2.9°C
throughout the day, compared to the mean outside the screens, with a maximum deviation of -8.3°C at
14:00. As a percentage of average surface temperature outside the screens, these changes represented 6%
and 19.2%, respectively. The screens also intercepted a fraction of solar radiation, such that PAR
averaged 96.9 pumol m2 ™! (12%) lower within the screens throughout the day, with a maximum
deviation of -217.8 pmol m2 s™! (28.5%) at 16:00.

Although the final calibration tests took place in April 2024, a preliminary study took place in the
TinyFACE CO; system from Spring 2022—Fall 2023. This experiment (with different settings than those
listed here) had a mean CO; elevation of +127 ppm above ambient values. Over the course of 18 months,

96 plantings each of two native oak species (Quercus lobata and Q. wislizenii) were grown from seed
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within the system’s 16 growth plots (six seedlings per species per plot), planted directly into the soil. The
final surviving cohort of 128 seedlings was harvested in November 2023 (and is evaluated in Chapter 3).
The next iteration of the TinyFACE system is being used to grow six species of native and exotic
California grasses (Brachypodium distachyon, Bromus hordeaceus, Elymus glaucus, Festuca californica,
Festuca myuros, and Nasella pulchra). Future investigations with TinyFACE include a developing study
of eCO; effects on Arctic soil methane fluxes (D. Sirivat, personal communication).
4. Discussion

Our testing of TinyFACE has demonstrated that the system is capable of achieving a consistent
CO;, elevation of +200 ppm above ambient values with high precision and accuracy. Control is achieved
with reference to air samples from a single plot, but all eCO; plot means fall within + 34-38 ppm of the
target elevation. Elevated CO; level is largely consistent within each plot and attenuates almost fully
within 50 cm of the encircling screens, preventing any “leakage” of CO> to neighboring plots (1 m away).
In the vertical dimension, control remains excellent at all points at or below the height of the enclosing
screen.

TinyFACE achieves the treatment goal without requiring growth chambers or open-topped

chambers to enclose the plants. Even with the minimal screen enclosure featured by the design,
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microclimate effects are not insignificant, but the system nonetheless improves the realism of plant
growth responses in climate change experiments when compared to other methods. The natural
temperature patterns, rooting depths, day/night cycles, seasonality and weather regimes make results from
this field-based method more trustworthy in predicting the responses of species and ecosystems to climate
change. One way to address the temperature and shading effects caused by the screens would be to

replace the greenhouse plastic with 100% transparent plexiglass or a similar material.

Stud Leadley Bindi Okada = Miglietta Messerli Fangemeier Wohlfahrt TinyFACE
y (1997) = (2001) = (2001) (2001) (2015) (2016) (2018) (2024)
Design SACC FACE FACE FACE oTC FACE FACE SACC
Plants | grasses | grapes rice bog alfalfa/timothy wheat grapes oaks,
ecosystem grasses
Overnight Y N Y N Y Y N N
eCO: Replicates 20 4 4 5 4 5 3 8
Area/rep (m?) 1.27 20 113 0.785 1.2 4 113 0.5
Total eCO: ?{ﬁf)‘ 25.4 80 452 3.925 4.8 20 339 4
CO> Set [Obs] 650 ppm | 625 ppm| 570 ppm | 560 ppm 600 ppm 553 ppm 500 ppm | 619 ppm
2 [600] [624] [570] [560) [632] [546] [476] [629]
ACO2 237 253 199 189 232 143 68 210
Temporal 0 o o
Control: +20% of (91;)%; | | 84.10% (2802) 95% | 93% (66%) | 93% (73%) (91((3)%0//1 )
target (£10%) ' '
CO2 Usage
(kg m? d?) 6.1 - 4.88 4.74 3 3.16 2.62
Build Cost
(2024 USD) 389,198 - - - 18,448 64416 - 14500
Build Cost | ¢, 65 16.57 22.52 17.29
(ppm™ m)

Table 2.2: Comparison of performance and design for eCO; experiments on short-stature plants.

One of the primary goals in designing our system was to ensure high quality CO, control while
minimizing costs. Table 2.2 lists performance and cost metrics for seven studies with comparable CO;
elevation goals. TinyFACE fell near the middle of the pack in terms of desired elevation, and as the name
implies, it had the smallest total area of eCO- treatment. Nonetheless, TinyFACE had the best temporal
control, the lowest operational CO» consumption, and the second-lowest cost of construction, in terms of

CO;, elevation achieved on a per-area basis. Though not all studies reported construction costs, TinyFACE
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cost just over one-fourth the price to build compared to its predecessor (Leadley et al. 1997), and only 4%
more than the cheapest option we examined, an OTC system (Messerli et al. 2015). The required supply
of CO; for TinyFACE is low compared to prior studies, on a per-time and per-area basis: between 1.64
and 2.62 kg CO2, m2d? is lower than the 3 kg CO, md? required for a similar-sized OTC experiment
(Messerli et al. 2015), and less than half the 6.1 kg CO, m2d required by the original SACC design
(Leadley et al. 1997).

4.1 Limitations

Though its performance is promising, there are a number of limitations to this method of CO;
enrichment. We conducted exploratory tests on the effects of vegetation height on CO- control, and
caution that plants that will grow higher than the screen height of 43 cm may require a modified size and
scaling of the plot volume. We recommend regular (e.g. monthly) adjustment of the MFCbase value to
ensure the control algorithm is appropriate to the current stage of vegetation growth. This change, as well
as adding or removing eCO- units to the system, will affect the rate of CO, consumption by the
experiment as a whole.

Delivery of CO, from the tank to the plots is well regulated, but delivery of the tanks themselves
to the experimental site proved quite a challenge at times during our preliminary study on oak seedlings.
Our field site was located near CA Highway 128, which collapsed in several places during the winter
storms of 2023. The driveway from the road to the experimental site developed a large sink-hole, and
deliveries were impossible for several weeks. In more remote sites, access to CO, may prove an even
greater challenge. Investigators might meet this challenge by installing a bulk CO; storage tank at their
site, to increase storage capacity and reduce the number of delivery visits required.

After being built and calibrated, TinyFACE can run on its own for the most part, but it does
require some routine monitoring and maintenance. We recommend recalibrating the gas analyzer once per
month to prevent drift; regularly checking wiring, pump function, and screen integrity; and inspecting the
system for leaks often. These duties can be performed during visits to tend to the plants grown in the

array.
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Data irregularities may require troubleshooting. Remote access to the data logger could allow
researchers to set a threshold value of certain measurements that would indicate system malfunction. For
example, unexpectedly high levels of ambient CO, may indicate a leak near the gas analyzer. A sudden
synchrony between ambient, elevated, and the test sampling line’s levels of CO> likely means the pump
drawing air from the various sampling tubes is no longer working. Synchrony between just two of the
three lines might mean a faulty connection in one of the solenoids or the eight-channel relays, meaning
one of the three valves is permanently closed, and residual air from the previous sample is being
measured.

In our pilot study, we aimed for ACO> values of +200 ppm, but we believe the TinyFACE system
is capable of significantly higher elevation. In fact, as we calibrated the system we had some difficulty
keeping CO; elevation from overshooting that mark. The average flow of CO; through the mass flow
controller (less than 4 L min™) was less than 25% of the MFC’s full capacity. The system is therefore
likely capable of supporting larger plot areas, more replicates, higher CO; elevation, or a combination
thereof. In case a larger plot area is desired, researchers should determine how the ratio of screen height to
plot width affect CO, control ability, and make requisite adjustments.

One advantage of creating many small plots of CO-enriched growing area is the potential for
multi-factor treatment experiments. The high cost of traditional FACE studies makes it difficult to
replicate eCO; treatments, let alone provide enough replicates for a secondary treatment variable (water,
temperature, soil nutrient additions, etc.). The TinyFACE system could be applied to address a multitude
of questions about plant growth and competition under changing environmental variables.

4.2 Conclusions

Traditional FACE experiments have led to major advances in the study of crop and plant
responses to climate change, but they unfortunately are cost prohibitive to most investigative teams. By
streamlining the system control and required instrumentation, we have designed and demonstrated the

performance of a field-based eCO; research method that will be affordable to many more researchers
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worldwide. We hope this method can be a resource for scientists seeking to gather empirical data on
multi-factor climate change experiments on plants and ecosystems throughout the world.

Our prototype of TinyFACE was built with inexpensive materials suited to a low-cost, medium-
duration experiment (1-2 years). It can also be adapted for more permanent studies and/or more inclement
environments, e.g. through the replacement of wooden stakes and greenhouse plastic with metal frames
and plexiglass panels. With site-specific modifications, TinyFACE could be adapted to serve as a
repeated experiment across multiple ecosystems, or across a gradient of interest (elevation, aridity, soil
type, etc.). At comparatively low cost, TinyFACE provides a method that could enable climate change
research on plants as part of regionally or globally distributed collaborative experiments.

The promise of standardized, inexpensive ecosystem experiments used in coordinated distributed
experiments has been demonstrated for other ecosystem manipulations. Nutrient Network (Borer et al.
2014) and Drought-Net (Knapp et al. 2017) are two examples of successful efforts to coordinate
experimental macroecology research methods across massive spatial scales, by uniting the efforts of
research teams following common protocols. Ecosystem responses to climate change are highly variable,
and empirical data is an essential complement to ecosystem climate models. As an affordable, quickly
constructed, highly effective eCO, system, TinyFACE is a tool for climate researchers worldwide to

apply to pressing ecological questions.
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Chapter 3: The rich get richer: Future CO; levels are more beneficial to well-watered seedlings of native

California oaks

Abstract

Elevated CO; (eCO2) can change how plants respond to water stress. As human activities
continue to increase atmospheric levels of CO,, the well-studied patterns of physiology, growth, and
morphology in water-stressed plants therefore may not hold true under future climates. To understand
how plants and ecosystems might respond to water stress under the CO; levels expected for the mid-to-
late 21st Century, we subjected oak tree seedlings to a full-factorial treatment of eCO; and watering over
the course of 18 months. We tested the hypothesis that eCO, would mitigate realized water stress in the
seedlings via reduced stomatal conductance and related improvements in water use efficiency, and that
therefore plants in the low watering treatment would show greater growth enhancement under eCO- than
would well-watered plants.

Acorns of two species (Quercus lobata and Q. wislizeni) were planted directly in the soil in a
field-based miniature free-air CO; enrichment system. The seedlings were continuously subjected to
ambient (415 ppm) or elevated CO- (550 ppm), and two watering treatments, in a full-factorial, replicated
design. We found that instead of mitigating plant water stress, eCO, was most beneficial to well-watered
Q. wislizeni seedlings, and it therefore widened rather than narrowing the performance gap caused by the
watering treatment. Q. lobata seedlings in the experiment were heavily grazed by rodents, but their
tendency to resprout after complete stem removal showed a similar response to the treatments: eCO
marginally increased resprouting rates, for well-watered seedlings only. These results imply that in near-
future climates, vital plant processes like photosynthesis, growth, and resprouting will be more dependent
on abundant soil water than they are now. Our results show the importance of multi-factor experiments to

provide a mechanistic understanding of complex plant responses to the influences of climate change.

Key words: Climate change, water stress, Quercus, FACE, plant physiology
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1. Introduction

Water stress is one of the biggest challenges to global forests today (Anderegg et al. 2020), and
plants must balance demands for both water and CO; as they regulate their physiology (Haworth et al.
2013). Climate change is predicted to dramatically alter soil water and precipitation patterns (Cook et al.
2018), potentially shifting entire ecosystems towards more aridity-adapted communities, but plant
responses to water stress itself are also likely to change under higher atmospheric CO- concentrations. As
atmospheric CO; rises (Gulev et al. 2021), the negative impacts of water stress in plants may be reduced
or altered by higher concentrations of CO, (Cernusak et al. 2019, Ainsworth and Long 2021) Because
extra CO; can reduce transpirational water losses (Medlyn et al. 2001, Xu et al. 2016) and enhance
photosynthetic uptake (Long et al. 2004), it is widely thought to promote plant water use efficiency,
defined as the ratio of CO; gained to water lost during photosynthesis (Cernusak et al. 2019). For this
reason alone, plant-water relations inferred from studies conducted at ambient CO; levels may not be a
reliable predictor of future plant responses.

A nuanced, empirically validated understanding of tree responses to coincident changes in water
and CO; is therefore necessary, not just to anticipate outcomes for individual trees and tree species, but
also to characterize the feedback between forests and climate at a global scale. Free Air CO, Enrichment
(FACE) and similar methods enable the study of elevated CO- (eCO,) effects on trees in field settings,
avoiding the pot and chamber effects and altered microclimates of laboratory and greenhouse studies
(Kimball 2016). However, most field-based eCO, research in trees has focused on CO as a single-factor
treatment (Way et al. 2015, Ainsworth and Long 2021), and the number of studies that have examined its
interaction with water have shown mixed results (Wullschleger et al. 2002, Duursma et al. 2011, Norby et
al. 2016, Ainsworth and Long 2021) and often species-dependent outcomes (Kimball 2016, Bendall et al.
2022, O’Connor et al. 2022). Our full-factorial eCO- and watering treatment study took place in a field-
based FACE system in the blue oak woodlands of California’s Inner Coast Range. Our goal was to study
whether seedlings of two native California oaks respond differently to water stress when grown under

projected future CO; levels.

46



eCO; has been shown to affect plants in a variety of ways, most of which have implications for
plant responses to water stress. The water savings mechanism (Gray et al. 2016, Jiang et al. 2021) is said
to occur when eCO; causes lower stomatal conductance and therefore lower transpiration, reducing water
losses to the environment. Water savings may increase net CO; uptake over the course of a season by
enabling the plant to maintain photosynthesis further into a progressive drought (Ainsworth and Long
2021). On the other hand, eCO; can directly stimulate photosynthesis by hastening the reaction rate of
Rubisco (Ainsworth and Rogers 2007, Leakey et al. 2009, Gray et al. 2016), thereby increasing net gain
of CO,. This extra CO, may in turn provide more biomass to allocate to root systems for enhanced water
uptake (Ainsworth and Rogers 2007). In summary, eCO; can affect water use efficiency by reducing
water loss, increasing CO, uptake, and/or by achieving one of these effects via the other.

If eCO; primarily alleviates water stress, one might expect to see an interaction between eCO;
and watering treatments, such that the impact of abundant watering is less pronounced for eCO.-treated
plants. If, by contrast, increased net CO; uptake overwhelms changes to plant water status, then the
effects of watering may be even more pronounced for eCO,-treated plants, as extra CO- can only be taken
advantage of if the plant has sufficient water to perform extra photosynthesis (Duan et al. 2013). The two
mechanisms may both operate to some degree within a single system, either concurrently or in sequence;
e.g. eCOz-driven water savings may be achieved at moderate levels of water stress, but prevented under
extreme water stress by stomatal closure (Duan et al. 2013) or temperature stress (Davis et al. 2007).

Early FACE studies on woody crops seemed to indicate that eCO, would alleviate drought stress
(Kimball et al. 1995, Ainsworth and Long 2005), and indeed several studies since have found that eCO-
effects are especially or only observed in trees experiencing water stress or drought conditions. Stomatal
conductance, which is generally reduced by eCO5, can be more strongly affected by eCO; in water-
stressed trees (Medlyn et al. 2001). eCO; treatments can “rescue” trees from the decreased photosynthetic
rates and leaf starch contents that water stress causes under ambient CO, concentrations (O’Connor et al.
2022). And eCO; can serve as an aid to establishment for oak seedlings in particular, increasing survival

in the first years for seedlings in hot, dry conditions by counteracting the effects of their unfavorable
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microclimate (Davis et al. 2007). These findings suggest that eCO; provides some water savings or
otherwise mitigates water stress effects.

In recent years, however, the evidence for eCO, interactions with plant and soil water status has
been less conclusive, and a number of results have found no evidence that eCO; mitigates the effects of
water stress. Many studies have found that only well-watered plants experience growth and biomass
increases under eCO,, indicating that while eCO- can provide a benefit to plants, it does not necessarily
counteract the negative effects of water stress. In fact, water stress can curtail the positive effects of eCO,
on plant biomass (Bendall et al. 2022), and improvements in water use efficiency associated with eCO»
can be negligible in comparison to drought-related declines in photosynthesis (Nackley et al. 2018). It
may be that water stress is just as severe at eCO2 as at ambient levels.

One reason for the lack of consistency in these results may be that whole-plant responses like
rooting depth or canopy leaf area can counterbalance or overwhelm leaf-level physiological effects of
water and eCO- (Duursma et al. 2011, Purcell et al. 2018, Jiang et al. 2021), or that early-season changes
to plant structures under eCO; can prove maladaptive under later-season drought (Gray et al. 2016).
Furthermore, studies incorporating top-down influences, like fire, herbivory, and competition, have
shown that eCO, effects on plant water status can be outweighed by factors at a broader ecological scale
(Collins et al. 2018, Raubenheimer et al. 2021, Raubenheimer and Ripley 2022), meaning that leaf- and
plant-level results should not be interpreted entirely out of context.

Several species of California oaks have been considered under threat of regeneration failure for at
least a century (Tyler et al. 2006), and dramatic changes to patterns of fire and herbivory have affected the
survival rates of oak seedlings, saplings, and resprouting shoots (Tyler et al. 2006, Arévalo et al. 2009),
leading to demographic instability (Zavaleta et al. 2007). Climate change effects, including rising CO>
levels and changing water regimes, may alter the critical establishment window for oak seedlings and
other woody plants in grassland ecosystems (Davis et al. 2007, Nackley et al. 2018, Bendall et al. 2022).
The influence of these multiple climate stressors on the vulnerable seedling life stage could determine the

future of these trees and the ecosystems they form.
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Plant responses to water stress and eCO; can almost all be traced back to changes in
photosynthesis, stomatal conductance, or their combination (Long et al. 2004), but the downstream effects
of these physiological processes include changes to the size, shape, and function of plants and their
organs. In addition to shifts in their CO; uptake levels, plants may also change their allocation and the
morphology of their organs based on water status, due to a shifting balance of key resources (Poorter and
Ryser 2015). Accordingly, in our 2 x 2 factorial eCO; and watering treatment experiment, we examined
nine plant response variables representing physiology, biomass, and morphology and allocation (Table 1)
to provide a whole-plant perspective on the future of native California oak seedlings. Based on the hot,
seasonally dry Mediterranean climate in which they thrive, we anticipated that eCO, would alleviate
water stress in the seedlings via the water savings effect. We therefore predicted that the performance gap
between well-watered and under-watered seedlings (in metrics like photosynthetic rate and biomass

accumulation) would be reduced at elevated CO..

Variable Units Description

Anet umol m? st net photosynthetic uptake of CO,

gs mol m? st stomatal conductance of water

WUE pmol/mol water use efficiency: Ane/Qs

total mass g mass of all plant tissues

root mass g mass of belowground tissues

final height mm height of main stem

total leaf area mm? sum of leaf area per plant

root-to-shoot a/g ratio of root mass to aboveground tissues (stems and leaves)
SRL mm/g specific root length

Table 3.1: Plant response variables studied.
2. Methods
2.1 Study Site
This study was conducted using the tinyFACE CO- enrichment system (see Chapter 2). The

research took place at Quail Ridge Reserve of the University of California Natural Reserve System, in
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Napa County, CA, which features blue oak (Quercus douglasii) woodlands as well as associations of
valley oak (Q. lobata) and live oak (Q. wislizeni). The experiment was located next to the Researcher
House, on the eastern side of the ridge, at 365 m elevation. Since 2017, average precipitation at the site is
44.8 cm per year; the two water years immediately preceding our study were drier than this average (63.6
and 36.4% of average cumulative rainfall). In the first year of our study the site recorded 85.3% of the
average, while the second winter was wetter than average (156.5% of average). Average temperatures for
the past seven years are 8°C in January and 28°C in July (UC NRS). Rainfall and temperature data for the
study period are available in supplementary figures (Fig. S3.1). Eighteen months before our study began
(i.e. in August 2020), the site burned at moderate severity during the Hennessey Fire, a part of the LNU
Lightning Complex.

2.2 Planting

The eCO; x watering treatment was applied to oak seedlings of two species (interior live oak,
Quercus wislizeni, and valley oak, Q. lobata) in a randomized complete block design. Sixteen 0.5-m?
circular treatment plots were arranged in a square around the central CO- enrichment system. Each of the
four treatment levels (aCO2+under-watered; aCO,+well-watered; eCO,+under-watered; eCOz+well-
watered) was represented once on each side of the square. As such, each side of the square represented a
block, and each treatment level had four replicates in total.

In each treatment plot, 12 acorns of each species were planted directly in the soil in a single
planting day in February 2022. Q. wislzeni seeds came from Devil Mountain Nursery in San Joaquin
County, CA (collected October 2021 from a nursery collection), and Q. lobata seeds came from a private
residence in Marin County, CA (collected October 2021 from a single source tree). Before planting, each
seed was float-tested in water to check for viability, then dried and cleaned with 70% ethanol.

Using a 14 x 40 cm soil drill, twelve evenly spaced holes (7.5 cm wide x 15 cm deep) were made
in each treatment plot. Half the holes were designated for Q. wislizeni and half for Q. lobata in a

randomly interspersed pattern. Then, two acorns of one species were planted 1.5 cm below the soil
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surface at each location, with their long axis parallel to the soil surface. After planting, each plot was
encircled with 0.6 cm mesh hardware cloth to prevent seed loss to granivorous wildlife.

Of 384 seeds planted, 192 germinated (49.2% overall; 63.5% Q. wislizeni, 34.4% Q. lobata), with
nearly all plots showing their first germinants by April 25, 2022. (Germination rates were not tested as a
treatment response because CO- treatment and differential watering treatments had not yet begun at this
point.) Forty-six seedlings were hand-thinned in August 2022 to avoid duplicates at each planting
location, leaving a total of 143 experimental plants, of which 16 died before harvesting. Plots were hand-
weeded throughout the experiment, as were the areas immediately outside the plot areas.
2.3 CO; Treatment

This experiment featured the first experimental application of the tinyFACE system. Chapter 2
provides a detailed description of its method of CO, elevation. In brief, each growth plot was surrounded
by a perforated pipe blowing either ambient or CO-enriched air. A 45 cm screen helped maintain CO;
concentrations while a 10 cm gap at the base of the screen allowed for turbulent mixing and minimized
microclimate effects within the plot area (Leadley et al. 1997). A central blower provided air flow to the
whole experiment, and CO; injection was controlled by a proportional-integral algorithm designed to
maintain CO; elevation at +200 ppm. During the entire 18-month period of the experiment, including
periods of maintenance, malfunction, or insufficient CO- supply, the median level of CO; elevation was
+155 ppm (mean +127 ppm, sd = 79.3) (Fig. S3.2). CO, was administered at two treatment levels,
ambient and elevated, but the concentrations achieved at each plot varied slightly, as determined by
testing conducted in October 2023 (Fig. S3.3). CO, treatment began on March 26, 2022, before any
seedlings had emerged. CO, elevation was more or less continuous after May 16, 2022, although the
system required fine-tuning and calibration throughout the first year of the experiment. The system was
designed to shut off the flow of CO, overnight (i.e. when PAR fell below 50 W m™2).
2.4 Watering Treatment

Differential water status was achieved by applying supplemental water to the well-watered

treatment group, starting in the second summer of the experiment. In the first summer of the experiment

51



(starting in May 2022), to aid in seedling establishment, all plots were hand-watered once per month
(appx. 9.5 L). In August 2022, a drip irrigation system was installed for better saturation of the soil and
lower evaporative loss. One-quarter-inch perforated tubing was placed in a serpentine pattern between the
rows of seedlings in each plot, ensuring each seedling was exposed to the same number of outlet holes (18
total per plot). On one watering date each in August, September, and October of 2022, all plots were
exposed to 60-90 minutes of drip irrigation (at 0.5 gph). During the winter months, no supplemental water
was applied. In June 2023, an automated watering timer was installed to begin the differential watering
treatment: well-watered plants received a small amount of drip irrigation daily, while under-watered
plants did not. The daily irrigation was 5 min at 6:00:00 (June—July 2023), then 7 min at 15:30:00
(August—October 2023). The daily irrigation time was shifted to the afternoon when it was discovered that
rodents, drawn to the water resource provided by the drip lines, were damaging the seedlings and the
irrigation lines themselves, and that rodent activity peaked in the early morning (see further notes below).
The under-watered plants also received 30 minutes of drip irrigation in early July, 2023, to prevent losses
to drought-induced mortality.

2.5 Data Collection

Each plant was measured during plant growth inventories, which occurred eight times throughout
the 18 months of the experiment. Data recorded at each inventory included height (measured to shoot
apical meristem), stem diameter (taken at soil surface), and condition (a qualitative score from 1-5, with 5
being full health and 1 being dead).

Photosynthesis data were collected during sampling campaigns in August and September, 2023,
using a Li-COR LI-6400 XT Portable Photosynthesis System (LI-COR, Inc.; Lincoln, NE). All
measurements took place between 10:00:00 and 16:30:00. PAR was set to 1500 pmol ms?, block
temperature to 30°C, and leaf fan speed to “fast.” Photosynthetic rate (Anet, in pmol CO, m? s) and
stomatal conductance (gs, in mol m™2 s!) were measured for one leaf on each plant. The three-step
measurement protocol subjected the leaf to three levels of externally forced ambient CO, concentration

(Ca): 400 ppm, 600 ppm, and 800 ppm, with each step lasting 120-240s. IRGA matching was performed
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automatically after each step. The two surveys collected sufficient photosynthesis data for analysis of 72
plants. Soil water content of each plot was recorded immediately before taking photosynthesis
measurements, using a time domain reflectometry probe (FieldScout TDR 150; Spectrum Technologies,
Bridgend, UK) with 12 cm tines, taking the average of four readouts per plot within the planting area.

After the final photosynthesis survey and the last growth inventory concluded, the seedlings were
harvested. Above-ground tissues were collected in late November 2023: leaves were separated from stems
and stems were cut at their base, at the soil surface. Leaf tissues were immediately placed in plastic bags
and transferred to a cooler to preserve their moisture content. Both tissue types were weighed on a mass
balance, and the leaves were oven-dried at 65°C for 36h, reaching a constant weight before having their
mass measured and recorded. Roots were harvested in late January 2024, by digging a hole adjacent to the
root of interest and then separating the exposed root from the soil matrix. Roots were washed immediately
upon extraction, air dried for several weeks, and weighed on the mass balance.

Leaves and roots were photographed against a white background using an iPhone 6 SE camera.
The resulting images were processed in ImageJ to create a black-and-white outline of the root or leaf in
guestion. The prepared root images were further processed in RhizoVision Explorer (Seethepalli et al.
2021) to analyze root size, shape, and morphology. Settings for analysis were as follows: broken root
mode; root prune threshold = 7; edge smoothing = 1; filter non-root objects = 1 mm?; root diameter range
threshold = 2.10 mm, for two total classes. Leaf area data were extracted directly from ImageJ.
2.6 Herbivory

Starting in July of 2023, we noticed a number of stems had been visibly gnawed or completely
bitten through. On July 19, the hardware cloth cages around the plots were reinforced in an attempt to
prevent further losses. Starting in July, and throughout the rest of the experiment, the first dates of
observed herbivory were recorded. Herbivory primarily affected Q. lobata (chi-squared test, p << 0.001)
and was associated with watering treatment (affecting the well-watered seedlings, p < 0.002); there was

no significant association with CO; treatment (p = 0.83).

53



In total, 50 seedlings sustained herbivory damage, with 41 of those suffering completely severed
stems. Thirty-four of these completely severed seedlings partially regrew or showed signs of resprouting,
but were nonetheless excluded from further analysis involving stem or leaf mass as a response variable.
2.7 Data Analysis

The photosynthesis data collected for each plant were used to determine relationships between
ambient CO; concentration (Ca), intercellular CO; concentration (Ci), and net CO, uptake by the plant
(Anet). For each seedling, a linear model was used to predict Ci from Ca based on the data collected with
the photosynthesis system (average R? = 0.92), and to derive the Ci value expected for the plot-specific
mean CO- concentrations. The collected data were used to create a second linear model predicting Anet
from Ci for each plant (average R? = 0.80), allowing the interpolation of a predicted Ane for the Ci
expected at the treatment CO, concentration. A similar interpolation was performed for stomatal
conductance (gs), with a third and final linear model predicting gs from the treatment Ci (average R? =
0.61). These Anet and gs values represent the inferred photosynthetic and stomatal conductance rates
achieved by the plants at their respective ambient CO- concentrations. Since time of day was found to be
a significant predictor for both Anet and gs, time of day (rescaled from 0 to 1) was included as a predictor
in the models for Anet, and gs (see below).

In addition to the data directly recorded, and the interpolated photosynthesis data described
above, analyses included plant response variables derived from transformations or ratios of these

previously described data types:

Total plant mass (g) = root mass (g) + stem mass (g) + leaf mass (g)
Root-to-shoot ratio (g/g) = root mass (g) / ( stem mass (g) + leaf mass, fresh (g) )
Specific root length (mm/g) = total root length (mm) / root mass (g)

Water use efficiency (WUE) (umol CO2/mol H20) = Aned/ Os
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This study sought to examine the effects of water, eCO5, and their interaction on plant
physiology, size, morphology, and leaf water status. To assess these effects, we first examined the
treatment effects on a categorical basis (well-watered or under-watered, aCO; or eCO,). For each
response variable, we converted the data to z-scores, then calculated bootstrap means and standard errors
(1000 replicates) of the change observed with the addition of watering. We did this first for the aCO
plants, then for the eCO; plants, and compared the results to provide an overview of treatment effects and
interactions. These values were taken as the means of all observations, rather than as per-plot means, to
provide more informative standard errors. Additionally, photosynthesis variables were not time-corrected
in this part of the analysis.

To provide more insight into the individual response variables, we fit multiple linear regressions
or linear mixed-effects regressions for each plant response variable, making separate models for each
species (Table S1, Table S2). To increase statistical power, the predictor variables used were continuous,
rather than categorical: (1) percent soil water content (SWC) recorded for each plot, either at the time of
LiCOR surveys, or as the average of all SWC measurements throughout the study, and (2) the CO,
concentration recorded in each plot during testing on October 9, 2023, rescaled to fit the experiment-wide
mean elevation of +127 ppm for eCO; plots. Since the predictor variables had meaningfully different
units (percent soil water content vs. ppm CO), each was rescaled between 0 and 1 before modeling
(though they are represented in their original units in illustrative figures, for ease of interpretation). This
approach is useful because it means that the coefficients in the linear model can be interpreted as the
difference in a given response variable between the lowest and highest level of the treatment variable in
guestion. A third predictor variable, time of day rescaled from 0 to 1, was included for the photosynthesis-
related models.

We examined a total of nine plant responses (Table 1). Since CO- and watering treatments were
applied at the plot level, our analyses for most variables focused on the per-plot average of plant response
variables for each species, to avoid pseudoreplication. Because observations for photosynthesis-related

variables needed to be associated with a specific time of day, we instead opted to use mixed-effects
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models fit by maximum likelihood with “Plot” as a random effect for Anet, gs, and WUE. For the model of
Anet Tor Q. wislizeni, the mixed-effects model exhibited singular fit, so for this species the Anee model was
fit on per-plot means with time-of-observation averaged per plot as well.

A likelihood ratio test (from the R package Imtest) was used to choose between the full model (~
SWC x COy), the reduced model (~ SWC + COy,), and the null model (~ 1 or ~ 1|Plot) for each response
variable (with each species analyzed separately). The coefficients of the resulting models were then
assessed for significance based on the t-statistic. Each model’s residuals were checked for non-normality
(Shapiro-Wilk test, all p > 0.05) and visually assessed to ensure homoscedasticity of variance using the
qgPlot and ggmath functions in R.

Due to the high rate of herbivory on Q. lobata seedlings, we conducted an analysis of post-
grazing resprouting rates for this species under the various treatments, using a general linear model for
resprouting as a binomial response variable.

3. Results

We examined the effects of watering, eCO2, and their interaction on a range of plant responses
representing physiology, biomass, and morphology. Overall, seedlings of both species showed significant
responses to watering treatment and eCO, as main effects. Furthermore, the interaction between watering
and eCO; was a significant predictor in the photosynthetic rate, final height, specific root length of Q.
wislizeni, meaning that the effect of watering changed at higher levels of ambient CO,. The interaction
between treatments approached significance as a predictor of post-grazing resprouting rates in Q. lobata.

The standardized effect size of responses to watering (i.e. change in z scores, expressed in units
of standard deviations for the variable in question) ranged from a decrease of 0.92 sd (root-to-shoot ratio
at aCOy) to an increase of 1.61 sd (Anet at eCO) for Q. lobata, and from a decrease of 1.06 sd (root-to-
shoot at aCOy) to an increase of 1.48 sd (final height at aCO,) for Q. wislizeni (Fig. 3.1). The largest
difference in watering effects between eCO2 and aCO2 treatments was +0.65 sd for Q. lobata (for leaf

area) and 0.83 sd for Q. wislizeni (Ane).
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A. Quercus lobata (valley oak)
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Fig. 3.1: Standardized (z-score) change with watering, for various plant response variables: photosynthetic rate
(Aner), stomatal conductance (gs), water use efficiency (WUE), total biomass (tot.mass), belowground biomass
(root.mass), stem height at harvest (final.ht), total leaf area per plant (leaf.area), root-to-shoot-ratio (rootshoot),
specific root length (SRL). The effect of watering is calculated as the difference in z-score for well-watered - under-
watered treatment, using a bootstrap sampling of each distribution (R = 1000). Points represent mean + bootstrap
se. Sample sizes represent the lower of the two watering treatments for each CO, treatment.

We developed models for each of the nine plant responses under the additive or interacting
effects of eCO; (Table S1, Table S2). We highlight the following results. B terms represent the slope of
linear regression, or the change in the given response variable from the minimum to the maximum level
of soil water treatment (or CO- treatment) for main effects. In the case of interaction, they represent the
difference in slope for the effect of SWC given the maximum applied eCO..

3.1 Physiology

For Q. lobata, photosynthetic rate and stomatal conductance both increased significantly with
watering (B = 16.0 umol m?s?, t=5.98, p <<.001; p = 0.22 mol m%s?, t = 6.88, p << .001), and
decreased with time of day (B = -7.93 umol m?s", t =-2.74, p = 0.0097; B = -0.15 mol m?s?, t = -3.96, p
<< .001), while only photosynthetic rate responded to eCO (B =9.81 pmol m%s’, t = 3.55, p = 0.0044).
WUE did not change significantly in response to either treatment, although it had a marginal positive

association with eCO; (= 34.3,t=1.79, p = .098).
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For Q. wislizeni, photosynthesis showed a strong interacting effect of the watering and CO;
treatments (B = 11.27 pumol CO, m?s!, t = 2.55, p = 0.027), indicating that eCO, caused a greater increase
in Anet for well-watered seedlings than for dry seedlings (Fig. 3.2a). Stomatal conductance increased
significantly with watering (B = 0.091 mol m?s?, t = 6.98, p << .001), and showed an unexpected increase
in response to eCO which approached significance (B = 0.023 mol m?s™, t=1.72, p=0.11) WUE didn’t

change significantly for this species as a result of the treatments or their interaction (all p > 0.17).
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Fig. 3.2 Linear models and per-plot means for photosynthetic rate in Q. wislizeni (a), final height in Q. wislizeni (b),
specific root length in Q. wislizeni (c), and resprouting in Q. lobata (d).
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3.2 Biomass

Of the biomass variables, final height and total biomass increased significantly in response to the
watering treatment for Q. lobata (height: p = 245.6 mm, t=2.87, p = 0.024; total biomass: =109 g, t=
3.13, p = 0.017), but not in response to eCO.. (A positive effect of eCO; on total biomass, B = 6.1 g,
approached significance, with t = 1.93, p = 0.10.) Root mass, the only biomass variable whose sample
size was not impacted by data losses due to grazing, showed positive response to eCO, (=2.53 g, t =
2.26, p=0.041) as well as water (B =2.30 g, t=2.11, p=0.055).

The Q. wislizeni seedlings in the study displayed an increase in total biomass and leaf area in
response to watering treatment (biomass: B =9.99 g, t=2.69, p = 0.018; leaf area: = 10516 mm?, t =
2.27, p = 0.041), though root mass for this species was not significantly affected by either watering or
eCO- (p =0.12 and 0.13). The final height of the seedlings was positively influenced by watering for all
seedlings, but the height increase provided by watering was smaller at eCO; than at aCO-, ( = -286.58

mm, t = -2.05, p = 0.063) (Fig. 3.2b, Fig. 3.3).
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Fig. 3.3 Seedling heights measured throughout the study, showing mean heights (+ se) per treatment group: red =
under-watered, blue = well-watered; open circles = aCO2, filled circles = eCO2. Starting in July 2023, seedlings
damaged by herbivores were excluded from the totals.
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3.3 Morphology

Watered Q. lobata seedlings on average allocated less biomass to their root systems (root-to-
shoot ratio: f =-1.30, t=-1.87, p = 0.10), as did watered seedlings of Q. wislizeni (3 =-0.31,t=-3.34,p =
0.005). The data showed no relationship between the treatments and specific root length (mm of root per
g of root mass) for Q. lobata, but an interaction between watering and eCO, was demonstrated for this
variable in Q. wislizeni seedlings: watering increased specific root length for all seedlings, but provided a
greater increase to seedlings under eCO; (B = 813.40 mm/g, t=2.17, p=0.051) (Fig. 3.2¢).

3.4 Resprouting

The interaction of watering and eCO improved resprouting rates in previously grazed Q. lobata
seedlings, in an effect that approached significance (p = 5.74, z=1.78, p = 0.075) (Fig. 3.3d).
4. Discussion

In synoptic terms, our expectation that eCO, would alleviate the effects of water stress was not
met for either species. We proposed that eCO2 would increase Anet and decrease stomatal conductance
more strongly for under-watered plants, leading the under-watered plants to demonstrate greater
improvements in biomass under eCO.. In fact, Q. wislizeni showed an interaction effect with the opposite
sign: rather than helping water-stressed plants make up the difference, eCO; increased the performance
gap between well-watered and under-watered seedlings (Fig. 3.1a).

Q. lobata showed no significant interaction effects in the responses studied, but from a small
sample of grazed seedlings, we found an intriguing suggestion that resprouting rates are positively
associated with the interaction between watering and eCO- (Fig. 3.2d).

For Q. wislizeni, the increase in Ane: under full watering depended strongly on CO; treatment, as
we expected, but it was stronger for the eCO; rather than the aCO; seedlings (Fig. 3.2a). That result was
reflected in the mean responses of total mass and root mass for this species (Fig. 3.1b), though not to a
degree that met the threshold of statistical significance (Table S3.2). Our finding is consistent with several
other studies (Nackley et al. 2018, Bendall et al. 2022, Gardner et al. 2022), which in sum indicate

support for the “direct stimulation” mechanism of eCO; effects on angiosperm trees or tree seedlings. Past
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a certain point of water stress, plants cannot maintain open stomata, and so water-stressed plants may be
unable to fix enough of the extra CO; regardless of higher concentration (Duan et al. 2013). Well-watered
plants, by contrast, receive a stronger benefit from eCO; to the degree that their stomata are able to stay
open more and longer, allowing CO; fixation to increase along with ambient concentrations (Bendall et
al. 2022).

We were surprised by the positive (though non-significant) stomatal response each species
showed to eCO,, (Table S3.1, Table S3.2). The majority of results from FACE research indicate that eCO-
leads to decreased stomatal conductance for most species (Medlyn et al. 2001, Ainsworth and Long 2021,
Mndela et al. 2022), providing the basis for improved WUE, and by extension, the foundation of most
plant benefits from eCO; under the water savings mechanism (Long et al. 2004, Jiang et al. 2021). The
finding that stomatal conductance actually increased under eCO; for both species was unusual, though
not unique. A recent FACE study on grape vines found increased stomatal conductance under eCO;
(Wohlfahrt et al. 2018), and in spite of mean reductions in stomatal conductance, the major FACE studies
of the past three decades indicate that 12% of stomatal conductance changes are in fact positive (Purcell
et al. 2018). Stomatal models have shown that under certain combinations of temperature and water
stress, increased stomatal conductance under eCO; is the optimum response (Purcell et al. 2018).
Additionally, eCO--related reductions in stomatal conductance early in the season could save soil water
that actually leads to an increase in later-season stomatal conductance, compared to aCO, plants nearby
which have already run out of soil water reserves after a long, dry summer.

Q. wislizeni seedling heights showed different responses to watering, depending on CO-
treatment: while both groups increased in height in response to watering, the aCO; plants’ height increase
was much larger (Fig. 3.2b, Fig. 3.3 left panel). However, the change in stem height was not accompanied
by a change in stem mass—there was no significant effect of any of the treatments on stem mass as a
proportion of total plant mass (p = 0.77, data not shown). The seedlings changed the shape of their stems,
rather than the mass of carbon allocated towards stem tissues. Although many studies indicate that eCO-

leads to increased height for plants (Raubenheimer and Ripley 2022), the reverse finding is not unheard

61



of. In a CO; x drought experiment on Eucalyptus saligna, eCO2-grown trees were significantly shorter
than their ambient-CO- counterparts, contrary to expectations and for unknown reasons (Duursma et al.
2011). For the Q. wislizeni seedlings in this study, both outcomes were observed, since the well-watered
seedlings were shorter under eCO; treatment, while under-watered seedlings under eCO- were taller (Fig.
3.3, left panel). Since plants have more plasticity in the morphology of their organs than in the allocation
of carbon (Poorter and Ryser 2015), this type of change may be an important component of plant response
to climate. The resulting pattern meant that, under CO; levels expected within this century, the height
advantage conferred by abundant soil water was significantly reduced.

Changes in root morphology under watering also depended on CO.: while specific root length did
not differ strongly by watering treatment at aCO,, well-watered plants at eCO; increased their specific
root length and under-watered plants at eCO- decreased it (Fig. 3.2¢). A decrease in specific root length
indicates shorter, thicker roots, but Q. wislizeni did not show significant changes in absolute root mass;
once again, the shape of the organ, not its mass, was shown to be most responsive (Poorter and Ryser
2015). Decreased specific root length provides greater penetrative force in hard soil (Pérez-Harguindeguy
et al. 2013). Lower specific root length therefore has a logical advantage for seedlings under water stress,
especially in the hard, clay-heavy soils of Quail Ridge Reserve (Lambert and Kashiwagi 1978). It is
unclear why eCO; should be necessary to trigger this change, as it requires no additional carbon
allocation.

Q. lobata seedling responses to eCO, and watering treatment demonstrated little to no interaction
effect: responses to watering were not significantly different based on CO; treatment. The loss of up to
85% of observations per treatment group for this species due to small mammal grazing made it difficult to
make meaningful inferences about some responses for Q. lobata.

Though herbivory was not one of our intended treatments of interest, a field-based, ecologically
relevant setting meant the plants in this study experienced certain stressors that are present in the real
world. Herbivory itself can change with exposure to eCO,: leaf-eating insects can increase consumption

under eCO; for many reasons, including lower N content of leaves (Bezemer and Jones 1998); increased
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plant secondary compounds (O’Neill et al. 2010); or canopy temperature increase related to decreased
stomatal conductance (Dermody et al. 2008). In our study, herbivory was not significantly associated with
eCO,, but as it was not an intended component of the experiment, we cannot rule out an effect of CO, on
herbivory rates. It was abundantly clear that the rodents in question were preferentially feeding on plants
from the well-watered treatment; we cautiously interpret this pattern to be related to the experimental
artifact of drip irrigation, which the rodents sought out as a water source during times of extreme dry
weather at the site (Fig. S3.1), rather than the quality of the plant tissues themselves.

Further experiments to specifically study eCO, effects on herbivory and resprouting rates in this
system may be useful in light of the intensity of the grazing we observed. Other studies have indicated
that herbivory can outweigh growth benefits of eCO; (Collins et al. 2018), and at Quail Ridge, the
extremely high grazing rates on young oaks have been shown to negate the competitive advantage
conferred on oak species with strong post-fire resprouting (Arévalo et al. 2009). Grazing and fire are both
important filters on community assembly in California’s oak woodlands (Arévalo et al. 2009), and it is
possible that future CO; levels will affect seedling resilience to these local drivers via effects on
resprouting. Past research has indicated an enhancement of resprouting for tree seedlings under eCO3, due
to larger belowground C storage tissues (Bendall et al. 2022). Herbivory was not associated with
treatment groups, but at least for Q. lobata, post-grazing resprouting rates may have been influenced by
the interaction of watering and eCO; (Fig. 3.2d). If the advantage of abundant soil water to resprouting
rates is only realized at eCO,, this may be another way in which near-future climates widen the gap
between water-stressed and well-watered oak seedlings.

4.1 Conclusion

The results show that we were correct in our prediction of a significant interaction of eCO, and
water stress, albeit with different sign than expected. The Ane results for Q. wislizeni and the resprouting
rates for Q. lobata present new empirical evidence that the eCO; levels of the future may only benefit
those plants with sufficient water resources. This information is necessary for accurate climate

predictions, as well as for forecasting the fate of individual species and ecosystems. Q. wislizeni also
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demonstrated plasticity in root and shoot morphology responses to eCO- and water. Though our methods
did not provide a complete framework for understanding the implications of the observed CO,-dependent
height and specific root length response to watering, they provide interesting avenues for further study.
While many of the results for Q. lobata were hindered by data loss to rodents, the fact of its
susceptibility to herbivory is an interesting result in itself. The felled seedlings and ghawed irrigation
tubes were a useful reminder that plant life exists in the context of a larger ecosystem. Even as they
balanced CO, and water needs, these oak seedlings were subject to the broader-scale challenges of an
ecosystem that was itself responding to changes in climate and resource availability. Our results provide
new insights into the seedling life stage for two oak species, a cautionary tale about the threat of small

rodents, and novel results showing the mechanisms of plant responses to climate change.
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Chapter 3 Supplemental Figures
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Fig. S3.1: Cumulative rainfall and average daily temperature at Quail Ridge Reserve.
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Valley Oak (Quercus lobata)

Estimate Std. Error df t value p
Imer(Anet ~ CO2 + SWC + time + (1 | Plot))
CO2 9.805 2.763 11.255 3.549 0.00441 **
SWC 15.99 2.673 12.782 5.982 4.91E-05 ***
time -7.936 2.892 32.956 -2.744 0.00973 **
Imer(gs ~ CO2 + SWC + time + (1 | Plot))
CO2 0.04862 0.03341 14.5 1.455 0.166903
SWC 0.22335 0.03248 15.82 6.876 3.96E-06 ***
time -0.146 0.03689 32.48 -3.96 0.000384 ***
Im(tot.mass ~ CO2 + SWC)
CO2 6.053 3.136 1.93 0.0949 .
SWC 10.892 3.475 3.134 0.0165 *
Im(root.mass ~ CO2 + SWC)
CO2 2.527 1.116 2.263 0.04138 *
SWC 2.304 1.093 2.108 0.05503 .
Im(final.ht ~ CO2 + SWC)
CO2 80.21 77.17 1.039 0.3332
SWC 245.59 85.51 2.872 0.0239 *
Im(leaf.area ~ CO2 * SWC)
CO2 -2765 5609 -0.493 0.6479
SWC -3006 5696 -0.528 0.6255
CO2:SWC 25368 16483 1.539 0.1986
Im(rootshoot ~ CO2 + SWC)
CO2 -0.1221 0.6242 -0.196 0.85
SWC -1.2959 0.6916 -1.874 0.103

Table S3.1: Plant response models for Q. lobata. Models shown in gray were outscored by the null model.
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Interior Live Oak (Quercus wislizeni)

Estimate Std. Error df  tvalue p
IM(Anet ~ CO2 * SWC + time)
CO2 1.639 2.317 0.707 0.49419
SWC 4.608 1.963 2.348 0.03863 *
time -3.687 1.84 -2.004 0.07029 .
CO2:SWC 11.266 4.42 2.549 0.02705 *
Imer(gs ~ CO2 + SWC + time + (1|Plot), REML = F)
CO2 0.0226 0.01316 16.02319 1.718 0.10507
SWC 0.09066 0.01299 20.26837 6.981 8.30E-07 ***
time -0.03873 0.01676 22.5331 -2.312 0.0303
Imer(WUE ~ CO2 + SWC + time + (1 | Plot), REML = F)
CO2 30.341 21.581 9.775 1.406 0.191
SwWC -22.152 19.657 15.975 -1.127 0.276
time 15.953 24.294 21.206 0.657 0.518
Im(tot.mass ~ CO2 + SWC)
CO2 5.45 3.79 1.438 0.1741
SWC 9.993 3.711 2.693 0.0184 *
Im(root.mass ~ CO2 + SWC)
CO2 2.413 1.511 1.597 0.1343
SwWC 2.461 1.479 1.664 0.12
Im(final.ht ~ CO2 * SWC)
CO2 125.48 73.25 1.713 0.112388
SwWC 337.52 61.96 5.447 0.000148 ***
CO2:SWC -286.58 139.62 -2.053  0.062592 .
Im(leaf.area ~ CO2 + SWC)
CO2 4224 4738 0.891 0.38887
SWC 10516 4639 2.267 0.04111 *
Im(rootshoot ~ CO2 + SWC)
CO2 0.02871 0.09393 0.306 0.76472
SWC -0.30744 0.09197 -3.343 0.00529 **
Im(SRL ~ CO2 * SWC)
CO2 -478.366 196.948 -2.429  0.031797 *
SWC 4.044 166.597 0.024  0.981032
CO2:SWC 813.396 375.407 2.167  0.051095 .

Table S3.2: Plant response models for Q. wislizeni.
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