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ABSTRACT OF THE DISSERTATION

Ecosystem Resilience to Global Environmental Change
by
Nicole Marie Fiore
Doctor of Philosophy in Earth System Science
University of California, Irvine, 2022

Professor Michael Goulden, Chair

Global environmental change is impacting ecosystems. Drought, nitrogen deposition, and
invasion by annual grasses (GL) are causing extensive loss of Southern California's coastal sage
scrub (CSS) community. Warmer temperatures, changes in precipitation, and altered fire regimes
are impacting interior Alaska’s boreal forest function and productivity. In this dissertation, I
explore these two contrasting ecosystems with the goal of developing a mechanistic understanding

of how ecosystems respond to multiple global environmental change drivers.

Chapter 2 examines an apparently stable vegetation boundary between CSS and GL. This
chapter utilizes historical aerial photography and measures of above and belowground properties
to examine how vegetation type impacts soil development. CSS had more deeply distributed root
biomass, denser surface soil, and greater total stocks of soil organic carbon and nitrogen than GL.
Vegetation type creates unique soil properties that may reinforce the stable boundary by preventing

invasion of vegetation with different growth, rooting, and/or water-use strategies.

Chapter 3 explores how CSS and GL respond to drought and added nitrogen. CSS was

more sensitive to global change than GL and drought was the main driver of ecosystem change.



In CSS, drought and drought x +N reduced native shrub biomass and altered litter composition,
consistent with a vegetation shift from CSS to GL. These changes were mirrored belowground,
with reductions in soil bulk density, soil organic carbon content, and soil C/N ratio in CSS drought
plots. The surface soil properties in CSS drought plots were more similar to GL than to CSS,
indicating that drought induced vegetation shifts from CSS to GL impact ecosystem properties and

processes, both above and belowground.

Chapter 4 combines measures of remotely-sensed NDV1 with forest surveys to explore the
drivers of recent NDVI trends. Recent fire led to sharp NDVI decreases, while early recovery of
deciduous species led to NDVI increases. The mid-succession transition from deciduous to
evergreen forests led to weak NDVI decreases, and the mid-to-late successional thinning of
evergreen canopies to weak NDVI increases. Thus, both increasing and decreasing NDVI stands
occur naturally across the landscape, and do not necessarily reflect a large-scale shift in boreal

forest productivity.



Chapter 1.

Introduction

1.1 Global environmental change in sensitive ecosystems

The magnitude and extent of projected global changes in the 21st century are likely to have
profound impacts on the functioning of Earth’s ecosystems. Ecosystem response to global change
is a key component of ecosystem resilience, or the ability of an ecosystem to return to stability
after perturbation. Ecological theory states that ecosystems with lower resilience are more sensitive
to change and display a greater likelihood of transitioning to an alternative stable state when faced
with high magnitude or extended disturbance (Laycock, 1989; Laycock, 1991; Seddon et al.,
2016). Accurate prediction of the structure and functioning of future ecosystems requires
mechanistic understanding of ecological responses to change. Two ecosystems are explored in this
dissertation. First, the Mediterranean coastal sage scrub (CSS) and grassland (GL) communities in
Southern California are investigated in Chapter 2 and Chapter 3. Next, the boreal forests of interior
Alaska are examined in Chapter 4. Although these contrasting ecosystems have little in common,
they both have been highlighted in recent research due to their high sensitivity to global change

(Seddon et al., 2016).

Southern California represents an area where drought, nitrogen deposition, and fire
disturbance may interact with ecosystem resilience. Of particular interest is the coastal sage scrub
community (CSS), known for its high species diversity and endemism, as well as it’s drought
resistance and adaptations to frequent fire (Cleland et al., 2016). Despite these adaptations to global

change, widespread loss of CSS habitat has been documented across California, with studies



estimating only 10% of its original extent still intact (Rundel, 2007; Talluto and Suding, 2008).
Several studies have indicated that invasion by non-native, annual GL species is the largest threat
to the CSS ecosystem (Freudenberger et al., 1987; Minnich and Dezzani, 1998). We employed a
large-scale, long-term, multifactorial precipitation and nitrogen manipulation experiment in
adjacent CSS and GL communities to investigate how these vegetation communities impact soil
development and explore their responses to long-term global change, both above- and

belowground.

The boreal forests of Alaska represent an area where warmer temperatures, changes in
precipitation, and altered fire regimes may interact with forest productivity and ecosystem
succession. The remote and rugged nature of the boreal forests traditionally made long-term, large-
scale field research difficult, but advances in technology and data science have allowed us to
employ new methods using satellite-derived imagery to study this important landscape from afar.
We utilized satellite-derived Normalized Difference Vegetation Index (NDVI; a proxy for forest
productivity) combined with forest surveys of Alaskan boreal forests throughout succession to

explore the impacts of forest properties on NDVI, and to determine the drivers of changes in NDVI.

This dissertation aims to answer the following research questions:

In Southern California:

1. What are the potential drivers of stable CSS/GL boundaries?

2. How does vegetation type (shrub vs. grass) impact soil properties along the stable

boundary?


https://link.springer.com/article/10.1007/s10980-008-9238-3#ref-CR23
https://link.springer.com/article/10.1007/s10980-008-9238-3#ref-CR23
https://link.springer.com/article/10.1007/s10980-008-9238-3#ref-CR51
https://link.springer.com/article/10.1007/s10980-008-9238-3#ref-CR51

3. How do drought and nitrogen addition impact CSS and GL communities above and

belowground?

4. Can global change alter the stability of the CSS/ GL boundary?

In the boreal forests of Alaska:

1. How are changes in forest structure and composition in recently burned stands associated
with NDVI decreases?

2. How are changes in forest structure and composition in young stands associated with NDVI
increases?

3. In the absence of recent fire, how are NDVI decreases in mid-to-late successional forests
related to forest structure and composition?

4. In the absence of recent fire, how are NDVI increases in mid-to-late successional forests

related to forest structure and composition?

1.2 Vegetation mosaics in Southern California

Over the course of the last two centuries, native Californian shrublands, grasslands, and
forblands have been invaded by non-native annual grasses from Eurasia. (Talluto and Suding,
2008). Early settlers originally brought these annual grass species (mostly from the Bromus and
Avena genuses) for food, medicinal, and ornamental purposes (Hendry, 1931; Hobbs, 1983;
Mooney et al., 1986). Annual grasses became aggressive competitors in their new environment,
and studies estimate that annual grasses now cover 2.9 million hectares of California. These
invasions not only trigger the loss of native species diversity, but also cause permanent disruptions

to ecosystem structure and function, especially when the invasion changes the dominant life form



(i.e., shrub to grass) (D’Antonio and Vitousek, 1992; Vitousek et al., 1997; Mooney and Hobbs,

2000; Talluto and Suding, 2008).

The CSS/GL mosaic is common to Southern California, and often exists across relatively
uniform physical conditions, with many mosaics displaying remarkable stability. The stability of
the vegetation boundaries between CSS/GL suggests that underlying mechanisms, whether abiotic
or biotic, provide some form of ecological resistance, preventing expansion of either shrub or grass
across the boundary. In the second chapter of this dissertation, | investigate a stable vegetation
boundary between CSS and GL at the Loma Ridge Global Change Experiment (LRGCE) to

explore the possible drivers of the boundary stability.

The existence of adjacent vegetation communities of differing life forms (shrub vs. grass)
also provides an opportunity to explore how different vegetation types impact the development of
the soil along the boundary. Early research in pedogenesis by Hans Jenny proposed that soil
formation was the function of five state factors: climate, organisms, parent material, and time
(Jenny, 1941;1958). As the state factors between the CSS and GL communities are similar, we can
employ a biosequence study to focus on the impact of organisms, specifically vegetation (grass or
shrub) on soil formation. If the soil properties below GL and CSS are significantly different, could

these soil properties interact with the vegetation to influence the boundary stability?

1.3 Global change impacts in Southern California

Urbanization, drought, nitrogen deposition, and altered fire regimes are frequently cited as
the main global change drivers responsible for habitat loss in California (Talluto and Suding,
2008). Studies have shown that these global change drivers often interact with CSS ecosystem

invasibility to trigger large-scale vegetation type shifts from native CSS to non-native, annual GL.



Talluto and Suding (2008) estimated that 49% of the area previously covered by CSS had been
converted to invasive Eurasian grassland between 1930 and 2005, and only 15% remained

uninvaded.

In Chapter 3, | explore both the long-term, and combined effects of drought and nitrogen
addition on above and belowground properties in adjacent CSS and GL at the LRGCE.
Mechanistic understanding of how vegetation and soils respond to drought, nitrogen addition, and
the associated vegetation shifts between CSS and GL is required to accurately predict how these

ecosystems will function in the future.

1.4 Vegetation dynamics in the boreal forest

The boreal forest covers roughly 17% of the Earth’s land surface and contains more than
30% of all carbon stored in the terrestrial biome (Kasischke and Stocks, 2012). Climate is changing
rapidly in the high-latitude regions of the northern hemisphere, and warmer temperatures, changes
in precipitation, and larger and more frequent fires have been documented across the boreal regions
(Beck and Goetz, 2011; Kasischke and Stocks, 2012). Boreal forest health and productivity are
intimately linked to climate variables. Studies indicate that warmer temperatures and longer
growing seasons are enhancing boreal forest productivity, while moisture stress and too high

temperatures are reducing productivity and increasing tree mortality (Goetz et al., 2005).

Remote sensing is a valuable tool for studying the composition and productivity of this
vast and often inaccessible region, and many studies have utilized satellite-derived measurements
of normalized difference vegetation index (NDVI) to infer landscape-scale productivity. Time
series are used to calculate NDVI trends over time, and previous studies documented widespread

NDVI decreases across boreal forest regions and NDVI increases in tundra regions, which was



linked to climate change related changes to productivity (Goetz et al., 2005; Beck and Goetz,
2011). In Chapter 4, we combine forest surveys with measures of satellite-derived NDV1 to explore
NDVI trends across the Alaskan landscape, and to determine how forest properties impact NDVI.
Our results highlight the importance of deconvolving the legacy effect of disturbance and recovery

when diagnosing trends in ecosystem structure and function.
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Chapter 2.

Drivers and implications of a stable shrubland grassland boundary in Southern California

2.1 Abstract

In this study, we investigate the spatiotemporal dynamics of an abrupt boundary between
two common vegetation types in coastal California, coastal sage scrub (CSS) and annual grassland
(GL) and explore how vegetation types and soils interact to control associated belowground
properties. We combine historical aerial photography of the boundary with measures of vegetation
community structure and soil properties to determine how root biomass, soil texture, bulk density,
organic carbon and nitrogen content and distribution, and C/N ratio relate to vegetation type. Our
historical imagery investigation indicates that the boundary has been stable for over 80 years
despite disturbances such as frequent wildfire and historic drought. We found that overlying
vegetation type impacted most belowground properties near the surface (0-10 cm) and below
depths of 50 cm. Overall, CSS soils had 145% more total root biomass, 30% more total soil organic
carbon stocks, 10% more soil nitrogen stocks, and significantly denser surface soils than GL. The
distribution of these properties varied with vegetation type, with CSS showing deeper and more
heterogeneous distributions than GL. Our results confirm that different vegetation types (shrub or
grass) create unique plant-soil systems that can impact soil properties which we believe may

further reinforce the stability of the vegetation boundary.



2.2 Introduction

The native coastal sage scrub (CSS) and non-native annual grassland (GL) vegetation
mosaic is commonly found throughout the Mediterranean climate region of California. Early
California settlers originally brought non-native grasses for food, medicine, and ornamental
purposes, which spread quickly throughout the state (Mooney et al., 1986). Extensive agriculture,
ranching, and urbanization further altered native landscapes and led to the widespread conversion
of native shrublands, grasslands, and forblands to annual non-native grassland as early as the late
18th century (Hendry, 1931; Hobbs, 1983; Talluto and Suding, 2008). These conversions not only
triggered the loss of native species, but also caused permanent disruptions to ecosystem structure
and function, particularly when the conversion changed the dominant life form (i.e., shrub to grass)
(D’Antonio and Vitousek, 1992; Vitousek et al., 1997; Mooney and Hobbs, 2000; Talluto and

Suding, 2008).

The boundary dynamics between shrub- and grasslands in arid and semi-arid climates have
been the focus of scientific debate for decades (Laycock, 1989; Westoby et al., 1989; Laycock,
1991; Mueller et al., 2007). Livestock grazing was thought to be the main control on shrub- and
grassland boundaries, and release from grazing disturbance would push the ecosystem towards the
stronger competitor, leading to a singular climax community of either shrub- or grassland
(Westoby et al., 1989). The boundaries between shrub- and grasslands are often dynamic. In the
American Southwest, expansion of woody shrubs into grasslands is well documented, while other
shrublands in Southern California are experiencing invasion by annual grasses (Talluto and
Suding, 2008). Yet several boundaries between native shrub and non-native grassland
communities in California have been documented to display remarkable stability despite cessation

of grazing (Hobbs, 1983; Davis and Mooney, 1985). In this study, we investigate a boundary



between CSS and GL to explore the spatiotemporal boundary dynamics and to determine the

impact of the contrasting vegetation types on belowground properties.

The CSS habitat is dominated by native, slow growing, perennial woody shrubs such as
California coastal sage (Artemisia californica Less.), laurel sumac (Malosma laurina Nutt.), and
black sage (Salvia mellifera Greene) (Cleland et al., 2016). This habitat is known for its high
species diversity and endemism (Noss et al., 1995), as well as its adaptations to frequent drought
and wildfire (Cleland et al., 2016). Shrub systems are known for their high heterogeneity in plant
biomass aboveground, which is mirrored belowground. In shrub systems, soil development is
concentrated directly under the shrub canopies, leading to higher concentrations of soil resources
under canopies compared to bare areas outside of the canopy (Schlesinger et al., 1996; Schelsinger
and Pimanis, 1998; Bird et al., 2000). Shrub systems have a shallow network of small roots, and
large, deep tap roots (as deep as 4 m in CSS) that evolved to access deep water tables and avoid
root overlap with other plants, which often leads to deeper soil development and more deeply

distributed nutrients (Veneklas and Poot, 2003; Jobbagy and Jackson, 2000).

In contrast, the annual GL habitat in Southern California has high density, non-native
annual grasses such as Bromus diandrus Roth, Avena fatua Peterm., and Lolium multiflorum Lam.
(Biswell, 1956). These species are known to invade areas of bare soil in suitable climates across
California and can quickly dominate landscapes that have been recently disturbed (Germino et al.,
2016). GL habitats often display high homogeneity, with herbaceous grasses covering nearly 100%
of the surface. (Germino et al., 2016; Kimball et al., 2014). These aboveground trends are mirrored
belowground, and GL is known to have more homogenous distributions of roots, soil properties,

and nutrients (Schlesigner et al., 1996; Germino et al., 2016). GL also tends to be more shallowly

10
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rooted (within the top 50 cm) than shrub or tree systems, meaning that most plant inputs to the soil

are concentrated in the topsoil (Jobbagy and Jackson, 2000).

The goal of our study was to explore the spatiotemporal dynamics of the boundary as well
as the vegetation and soil properties in the CSS and GL communities to determine the impact of
vegetation type on soil development. These contrasting life forms (shrub vs. grass) with differing
life history strategies (perennial vs. annual) and growth forms (deep-rooted, woody shrub vs.
shallow-rooted, herbaceous) likely impact soil development in unique ways. We utilized historical
aerial photography of the site combined with measures of above- and belowground vegetation as
well as measures of soil bulk density, organic carbon (SOC) and nitrogen (N) content and
distribution, and C/N ratio to two meters depth to examine the soil properties across the vegetation
boundary. We hypothesize that the boundary is maintained by ecological factors, namely
vegetation types. We predict that the differences in soil properties between the vegetation types
will largely be related to differences in rooting strategy, with soils in CSS showing deeper and
more heterogeneous development, while soil in GL will show shallower, more homogenous

development.

2.3 Methods

Study site

All data was collected in ambient plots located at the Loma Ridge Global Change
Experiment (LRGCE) on a gentle (~10%), northwest facing slope at the foothills of the Santa Ana
Mountains (117.704 W, 33.742 N) of Southern California, U.S.A. The LRGCE, started in 2006,
examines the effects of global change on adjacent Mediterranean CSS and annual GL plots, found

along an apparently stable boundary (See Potts et al., 2012 for complete description of

11
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experiment). The study site experiences a Mediterranean climate, characterized by warm, dry
summers and mild, wet winters. The annual average high temperature is 24.1 °C and the annual
average low is 9.7 °C. The yearly mean average precipitation is 327 mm, and generally falls in the
months of November-April. The soil at the study site is classified as loamy, mixed, thermic Typic
Palexeralfs (California Soil Resource Lab, http://casoilresource.lawr.ucdavis.edu) (Khalili et al.,
2016) (Table 1). The soil formed on a several-meter-deep colluvial deposit eroded from
sedimentary rock of the VVaqueros formation, with no obvious topographical distinctions between

vegetation types (Potts et al., 2012, Khalili et al., 2016).
Boundary investigation

Aerial photographs spanning the available historical record of the site were downloaded
from the UC Santa Barbara Library (http://mil.library.ucsb.edu/apcatalog). Photos with a clear
view of the study site were available from 1939, 1977, 2002, and 2020. The photos were then
georeferenced in ArcGIS Pro using a first order polynomial from control points set on stable
geographic features common to all photos. Each photo contained at least 10 control points. We
then plotted the vegetation boundary line on the World Imagery base map and compared boundary
location with each georeferenced historical photo. We used a digital elevation model in ArcGIS

Pro to calculate elevation, slope, and aspect within the CSS and GL plant communities.
Vegetation cover and composition

We measured fractional species composition and cover during peak growing season in
March of 2020. In CSS, species composition and cover were measured as fractional cover by
species over total area in each plot. In GL, species composition and cover were measured using

point intercepts, where two 160 x 60 cm? polyvinyl chloride frames with 10-cm interval grids were
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positioned within each plot. The first-intercepted species found at each grid point was recorded,
and if no species were found, the point was recorded as plant litter or bare soil. The number of

interceptions for each plant species was then summed within each plot to calculate fractional cover.

Vegetation live biomass and litter pools

Live herbaceous biomass and litter were collected from each plot in March 2020. Four 14
cm by 50 cm polyvinyl chloride frames were placed in each plot, and all live herbaceous biomass
encountered within the frame was clipped to the soil surface, sorted by type (grass or forb) and
collected. Litter was then collected within each frame and sorted by type (grass, forb, or shrub leaf
and woody debris). All biomass and litter samples were taken back to the lab, dried at 65°C for

four days, and weighed.

The volume of all individual shrubs within a four by four meter center subplot was
calculated in CSS plots in March 2020 using measurements of height, and two perpendicular width
measurements, assuming a spherical shape. Shrub volume was then converted to biomass using

species specific volume-mass relationships (Pasquini, 2008; Table A.6)

Soil texture

In 2011, we took samples from one soil core to two meters depth at a pre-selected point
within each plot using a 5.7 cm diameter soil auger (N=8 for each vegetation type) to measure soil
texture. If the point fell directly on a shrub stem, the point was shifted to the nearest location away
from the stem. Each soil core was separated into the following depth ranges: 0-15 cm, 15-30 cm,
30-45 cm, 45-100 cm, and 100-200 cm. Samples were dried at 105°C and sieved. We then added
150 mL of a 17 g/L sodium hexametaphosphate solution to the soil, and samples were agitated on

a horizontal shaker for 60 minutes. Samples were brought to a constant volume of 1 L with
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deionized water in a graduated cylinder, mixed, and the density of the suspension was measured
with a hydrometer after 40 seconds to determine the silt plus clay fraction and after two hours to

determine the clay fraction.

Soil core sampling

In spring of 2020, we took samples from one soil core to two meters depth at a pre-selected
point within each plot using a 5.7 cm diameter soil auger (N=8 for each vegetation type) for
biogeochemical analysis. If the point fell directly on a shrub stem, the point was shifted to the
nearest location away from the stem. Each soil core was separated into the following depth ranges:
0-10 cm, 10-20 cm, 20-30 cm, 30-50 cm, 50-100 cm, 100-150 cm, and 150-200 cm. All soil cores
were taken back to the lab and dried at 105°C to constant mass. Bulk density was calculated as the
total mass of dry soil per volume of depth range. Soils were sieved to 2 mm and root biomass was
collected from each soil core per depth range, and then was washed, dried and weighed. A small
subsample of sieved soil was then pulverized. An aliquot was then analyzed for its SOC and N

content (NC Soil Analyzer 2400, Thermofisher).

Statistical analyses

All aboveground properties were compared between vegetation types using student’s t
tests. Belowground properties were analyzed using a two-way analysis of variance to explore the
effects of vegetation type, depth, and their interactions. If the main effects or their interaction were
significant, we used student’s t tests to explore the effect of vegetation type on the properties at
each depth range. Data were square root transformed where necessary to improve normality and

reduce heteroscedasticity.
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2.4 Results

Boundary investigation

The vegetation boundary between CSS and GL at our study site is abrupt, with little
transition zone. The two vegetation types occur on similar topography, parent material, and soil
type (Table A.1), and show no indications of different climate or burn history. The aerial photos
demonstrate that the boundary between CSS and GL has been stable since at least 1939, as
evidenced by the earliest known historical photo of the site (Figure 2.1). The boundary between
CSS and GL has remained remarkably stable despite wildfires in 2020, 2007, 1998, 1967, 1948,
and 1914 (CAL FIRE, Fire and Resource 16 Assessment program, http://frap.cdf.ca.gov/), as well
as historic drought conditions in 2012-2016, 1987-1992, and 1976-1977 (Western Regional

Climate Center, https://wrcc.dri.edu/).
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Figure 2.1. Aerial photos of the study site demonstrating the stable boundary between grassland
and shrubland vegetation types. The blue line displays the vegetation boundary, with coastal sage
scrub below the line, and grassland above the line. A.) Aerial photo of the experimental site in
1939 (University of California, Santa Barbara Library, Aerial Flight C-5925,
http://mil.library.ucsb.edu/apcatalog). B.) Aerial photo of the experimental site in 1977
(University of California, Santa Barbara Library, Aerial Flight TG-7700 C.) Satellite image of
experimental site in 2002 (Google Earth, 2002, http://earth.google.com/web/). D.) Satellite image
of the Loma Ridge experimental site in 2020 (Google Earth, 2020, http://earth.google.com/web/).

Composition and cover of vegetation types

The CSS vegetation cover was characterized by higher species diversity, and a greater
number of plant functional types, but also featured larger fractional cover of bare ground than GL
(Figure 2.2). The vegetative cover in CSS averaged 60.5 + 26.9% native shrub, 20.9 = 18.7%

invasive grasses, 0.7 = 1.4% native grass, 4.7 £ 5.8% forb, and 13.1 £ 8.2% contained no vegetation
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cover. The ground cover was 56.4 + 41.1% leaf litter, 14.9 + 17.1% woody debris, 13.5 £ 29.5%
grass litter, and 15.1 £ 20.8% bare ground (Figure 2.2). GL vegetation cover was characterized by
high density coverage of invasive Eurasian grasses that averaged 93.9 + 5.6%, 2.5 + 3.6% forb,
2.3 £ 6.1% native grass, and only 1.3 + 2.6% contained no vegetation cover. The ground cover

was mostly grass litter (88.3 + 19.0%), 9.8 + 16.5% forb litter, and 1.8 £2.7% bare ground.
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Figure 2.2. Average species composition and percent of vegetation cover and ground cover for
the 2019-2020 growing year for Coastal Sage Scrub (CSS) and Grassland (GL) vegetation types

at Loma Ridge, California. A.) CSS average species composition and cover. B.) GL average
species composition and cover.
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Live and Litter mass

Total live aboveground biomass was five times greater in CSS than GL, largely due to the
presence of woody shrubs. Small amounts of grass and forb biomass were found in CSS (Figure
2.3A). Aboveground biomass in GL was purely herbaceous and was dominated by invasive grasses
(Figure 2.3B). Litter pools were roughly four times greater in CSS than GL. CSS litter pools were
dominated by shrub leaf litter and coarse woody debris, and small amounts of herbaceous litter,

while GL litter was purely herbaceous (Figure 2.3A and 2.3B; Table A.3).
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Figure 2.3. Average above and belowground live biomass and litter pools by type for the 2019-
2020 growing year for Coastal Sage Scrub (CSS) and Grassland (GL) vegetation types at Loma
Ridge, California. Error bars indicate standard error of the mean. A.) CSS average aboveground
live biomass and litter by type, and average belowground root biomass. B.) GL average
aboveground live biomass and litter by type, and average belowground root biomass.
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Root biomass and distribution

Root biomass was highly variable in both vegetation types, CSS had three times greater
total root biomass than GL (p=0.0141) (Figure 2.4A and 2.4B). In CSS, roots displayed a deeper
distribution with 28% of total roots found in 0-10 cm, 23% in 10-20 cm, 14% in 20-30 cm, 17%
in 30-50 cm and over 15% of roots were found below 50 cm in CSS (Figure 2.5B). CSS roots
contained a mix of fine, herbaceous roots (<1 mm diameter) and thicker, woody roots (1-3mm
diameter) from 0-30 cm, and only woody roots below 30 cm depth (Figure 2.8). In contrast, GL
displayed a shallower distribution of root biomass, with 52% of total root biomass found in the top
10 cm of soil, followed by 18% in 10-20 cm, 22% in 20-30 cm, and only 7% between 30-50 cm
(Figure 2.4B). No roots were found in GL beyond 50 cm. Roots in GL consisted of dense webs of
fine (<<1 mm diameter), herbaceous roots, that indicated high amounts of both vertical and

horizontal spread that was largely limited to the top 10 cm of depth (Figure 2.8, Figure 2.4B).
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Figure 2.4. A.) Root biomass and B.) Distribution of root biomass as measured by proportion of
total biomass found in each depth layer (interval root biomass/ total root biomass) Error bars
indicate standard error of mean. Asterisks indicate statistical difference between vegetation types
at that depth at P<0.05.
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Soil properties

The soil texture was consistent with depth and between CSS and GL vegetation types
(Figure 2.5). The soil was composed of mostly sand in both vegetation types (Figure 2.5, Table
A.2). The soil under CSS was significantly denser than GL between 0-30 cm (Figure 2.6A, Table
A.4). We found that SOC in CSS displayed greater heterogeneity (CSS SD at 0-10 cm: 4.92 g C/kg
soil) than GL, which displayed a more homogenous distribution (GL SD at 0-10 cm: 1.59 g C/kg
soil). SOC content measured by mass (g C/kg soil) was significantly greater in CSS than GL at the
surface (0-10 cm; p=0.033), and at depths greater than 50 cm (Figure 2.6B, Table A.4). When
measuring SOC on a volumetric basis (g C/cm?), the greater density of soil found in CSS had a
multiplicative effect and further increased the differences in SOC content between the vegetation
types (Figure 2.6C, Table A.4). Overall, CSS contained 29% more total SOC to 2 m than GL

(p=0.012) (Figure 2.7A, Table A.5).
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Figure 2.5. Soil texture as fractional composition of sand, silt, and clay to two meters depth in
Coastal Sage Scrub (CSS) and Grassland (GL) vegetation types at Loma Ridge, California. Error
bars indicate standard error of mean and white asterisks (*) indicate statistical difference between
vegetation types at that depth at P<0.05.
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Nitrogen content displayed similar trends as SOC, with high heterogeneity in CSS and
homogeneity in GL (Figure 2.6F). Soil N measured by mass (g N/kg soil) was significantly higher
in GL than CSS at the surface (0-10 cm; p<0.001) and at 30-50 cm (p=0.046), but CSS had higher
N content at 150-200 cm (p=0.007) (Figure 2.6F). Volumetric N content (g N/cm?®) was similar
near the surface in both vegetation types but was greater in CSS beyond 50 cm depth (Figure 2.6G).
Soil N was more concentrated at the surface in GL, whereas CSS displayed a roughly equal
distribution throughout depth (Figure 2.6H). Overall, CSS had 9% greater total soil N stocks to 2
m than GL (p=0.018) (Figure 2.7B). The C/N ratio was significantly greater in CSS than GL at 0-

10 cm and 20-30 cm (Figure 2.6E, Table A.4).
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Figure 2.6. Soil properties for Coastal Sage Scrub (CSS) and Grassland (GL) vegetation types at
Loma Ridge, California. Error bars indicate standard error of mean. Asterisks indicate statistical
difference between vegetation types at that depth range at P<0.05. A.) Soil bulk density for each
vegetation type. B.) Soil carbon content per weight soil for each vegetation type. C.) Volumetric
soil carbon content for each vegetation type. D.) Vertical distribution of soil carbon as measured
by proportion of soil carbon in each depth range (interval soil C/ total soil C) E.) Soil carbon to
nitrogen ratio for each vegetation type. F.) Soil nitrogen content per weight soil for each vegetation
type. G.) Volumetric soil nitrogen content for each vegetation type. H.) Vertical distribution of
soil nitrogen as measured by proportion of soil nitrogen in each depth range (interval soil N/ total
soil N).
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Figure 2.8. Root structures found in 0-10 cm depth range from A.) Coastal Sage Scrub (CSS)
and B.) Grassland (GL) vegetation types at Loma Ridge, California where belowground
properties were measured.

2.5 Discussion

Boundary stability

The vegetation boundary between GL and CSS at our site was stable throughout the
available time period (1939-2020) (Figure 2.1). Our results for topography as well as soil type and
texture show little difference between the vegetation types, which indicates that the boundary is
likely maintained by ecological factors rather than abiotic conditions (Table A.1; Figure 2.2).
Stable vegetation boundaries between GL and CSS are common throughout southern California,
and several hypotheses exist to explain their stability, including differences in fire response
(Schultz et al., 1955), animal herbivory (Davis and Mooney, 1985), water use strategies (Schultz
et al., 1955; Davis and Mooney, 1985; Parker, 2019), and/or thermal gradients caused by shrub

canopy shading (Davis and Mooney, 1985). Our results suggest that the differences in soil
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properties associated with the overlying vegetation types may also reinforce boundary stability

between CSS and GL.

Differences in rooting strategy between vegetation types

Our results for root biomass by depth display distinct differences in root architecture and
distribution between CSS and GL, which we believe drive the depth dependent differences in soil
properties. Overall, CSS had three times more total root biomass to two meters depth and roots
were more deeply distributed than in GL (Figures 2.4A, 2.4B, and 2.5B). While there was no
significant difference in root biomass between 0-10 cm depth, there were clear differences in root
architecture near the surface (Figures 2.5 and 2.8). These differences in root biomass, distribution,
and architecture are likely evidence of differing water-use strategies, where CSS has adapted to
capture deeply stored water, while GL capitalizes on shallow water from recent rainfall (Schultz

et al., 1955; Davis and Mooney, 1985; Parker, 2019).

Differences in soil properties between vegetation types

Soil bulk density differed greatly between the vegetation types, with soil in CSS being
significantly denser than soil in GL between 0-30 cm depth. Soil bulk density is dependent on soil
texture, soil mineral density and arrangement, root activity, and type and amount of organic matter
(USDA NRCS, 2008). As soil texture and type were similar between vegetation types, the
differences in bulk density are likely the result of differences in root type and architecture between
CSS and GL near the surface. The fast growing, dense webs of fine roots of the annual grass
species in GL may break up the soil each growing season (Hillel, 2004), leading to reductions in
soil bulk density (Harris, 1967). Soil bulk density converges in the vegetation types at 30-50 cm,

coinciding with the deepest observed rooting depth of GL roots (Figures 2.5 and 2.6A). We have
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also observed greater gopher activity in GL at our site, with noticeable burrows and disturbed soil,
compared with rare evidence of activity in CSS. The burrowing activity may contribute to lower
bulk density in GL and may also create a more homogeneous soil environment due to frequent

disturbance and mixing.

Soil bulk density is known to impact soil hydrology and plant root growth, with less dense
soils promoting faster water infiltration and greater root growth (Meek et al., 1992), meaning
precipitation may more easily infiltrate the surface soil in GL, where it is quickly taken up by the
large webs of fine roots. In contrast, CSS likely has a slower infiltration rate, which may lead to
more runoff, as the precipitation is not easily absorbed by the dense soils. A previous study from
our site indicates that utilizing hydrology models from similar shrub/grassland boundaries in the
American Southwest proposed that runoff from shrub areas may be funneled to nearby grasslands,
further promoting stable mosaics of shrub- and grasslands (Mueller et al., 2007). The denser soils
in CSS may also act as a barrier to grass invasion as herbaceous grass seedling roots may not be
able to penetrate (Harris, 1967; USDA NRCS, 2008; Hillel, 2004). The differences in soil bulk
density between vegetation types may provide evidence of vegetation specific plant-soil feedbacks
that reinforce the ongoing boundary stability, where soil and hydrological conditions favor the
current vegetation type and prevent invasion from vegetation with differing rooting or water-use

strategies.

The trends in SOC and N content and distribution also appear to be linked to differences
in vegetation properties in both vegetation types. CSS had greater SOC at the surface (0-20 cm),
and below 50 cm (Figures 6B and 6C). Several studies have found that shrub litter is high in
recalcitrant SOC, such as phenols and lignin (Gray and Schlesinger, 1981; Westman and Oleary,

1986; Blank, 2008; Wolkovich et al., 2010; Dickens and Allen, 2014), and has lower
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decomposability than herbaceous grass litter that leads to greater SOC sequestration near the
surface in shrublands (Cable et al., 2009; Montane et al., 2010; Dickens and Allen, 2013). CSS
also exhibited greater SOC and N content beyond 100 cm depth, which we believe is directly
related to the greater root biomass in CSS beyond 50 cm (Figures 2.5A, 2.6C, and 2.6G). The
heterogeneous distribution of soil resources in CSS may also play a role in preventing GL invasion
of CSS, and previous studies have proposed that shrubs create “islands of fertility” that concentrate
soil resources directly below shrub canopies, preventing invasion of the bare areas in shrublands

(Schlesinger et al., 1996; Schelsinger and Pilmanis, 1998; Bird et al., 2000).

The C/N ratio was greater at the surface in CSS, which may be attributed to the greater
amounts of SOC or may be an indicator of differing belowground biotic communities and/or
decomposition rates (Figure 2.6E). Soil C/N ratio is often used as an indicator of soil health (Xu
et al., 2016) and greater C/N ratios generally result in slower decomposition (Brady and Weuil,
2002; Xu et al., 2016). Several studies have demonstrated that belowground biotic communities
are highly specific to aboveground vegetation type (Bardgett and Wardle, 2010; van der Putten et
al., 2013), and previous research from our study site confirms that CSS and GL had unique surface

microbial communities (Khalili et al., 2016; Finks et al., 2021).

Implications of the stable boundary

Our results indicate that the adjacent CSS and GL vegetation types exist on similar physical
conditions at our site. The documented boundary stability across the available timeline despite
frequent wildfire and historic drought conditions is consistent with the interpretation that the two
habitats are alternative stable states (Laycock, 1991; Mueller et al., 2007). The differences found

in soil properties across the boundary in relation to vegetation type likely act as factors of
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ecological resistance, further reinforcing the stable boundary and preventing expansion of either
species. Theories of alternative stable state suggest that the two vegetation types will remain stable
unless some drastic perturbation forces the ecosystem across a threshold of stability, yielding a
competitive advantage to one species that allows them to overtake the other (Laycock, 1991).
Studies have proposed that increased fire frequency, drought, and N deposition, especially when
combined, will lead to grass invasion of shrublands (Laycock, 1991, Talluto and Suding, 2008,
Kimball et al., 2014). As all three of these factors are predicted to increase in the near future (Fenn
et al., 1998; Seager and Vecchi,, 2010; Cayan et al., 2010), quantifying and understanding the
relative contribution of each factor to the perturbation of the stable states will be an important

aspect of predicting ecosystem function and dynamics in shrub- and grasslands in the future.
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Chapter 3.

Drought induced vegetation shifts from shrub to grassland impact above and belowground

properties

3.1 Abstract

We conducted a long-term, large-scale, multi-factorial rainfall and nitrogen (N)
manipulation experiment in adjacent Mediterranean coastal sage scrub (CSS) and annual, invasive
grassland (GL) habitats in southern California to evaluate the effects of 13 years of drought and
added N on above- and belowground properties. We found that response to manipulations
depended on vegetation type, with CSS showing greater sensitivity to the treatments than nearby
GL. In CSS, drought and drought x +N decreased native shrub biomass by 68% and 69%,
respectively. This led to shifts in litter composition, with reduced shrub litter and an accumulation
of grass litter, reflecting increased invasion by GL. Drought and drought x +N led to reductions in
soil bulk density, soil organic carbon, and C/N ratio in the surface soil in CSS plots. The surface
soil properties in the CSS drought plots were statistically more similar to GL than to CSS,
indicating that vegetation shifts from CSS to GL impact soil properties and processes. We
identified drought as the main driver of conversion from CSS to GL and conclude that the
widespread invasion and loss of CSS habitats statewide may have important implications for

ecosystem structure and function, both above- and belowground.
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3.2 Introduction

Coastal sage scrub (CSS) is a fire-adapted and drought deciduous ecosystem that is known
for high species diversity and endemism and is considered one of the most endangered ecosystem
types in the United States (Noss et al., 1995). CSS historically occupied the Pacific coastal ranges
from Baja California Norte in Mexico to the San Francisco Bay area in California (Holland and
Keil, 1995), but studies estimate that CSS habitats have been reduced to as little as 10% of their
historical extent (Rundel, 2007; Talluto and Suding, 2008). Land use change, drought, increasing
fire frequency, nitrogen (N) deposition and species invasions have all been cited as drivers of CSS

habitat loss (Talluto and Suding, 2008; Kimball et al., 2014).

Global change predictions for Southern California indicate reductions in precipitation, with
drier winters and more severe summer droughts, more frequent and intense fires, and increases in
nitrogen (N) deposition from fossil fuel sources (Seager and Vecchi, 2010; Cayan et al., 2010).
The current rates of N deposition attributable to fossil fuel burning in the South Coast Air basin
(including Orange, Los Angeles, Riverside and San Bernardino counties in California) are among
the highest in the United States (Fenn et al. 1998, 2002). These predicted global change drivers
can impact plant productivity, plant community composition, and the quantity and quality of plant
derived inputs to soil, with implications for biogeochemical processes and nutrient cycling (Allison
etal., 2013; Khalili et al., 2016). In this study, we focus on drought and nitrogen deposition, which
in combination, are known to interact with CSS ecosystem vulnerability, triggering widespread

invasion by annual, non-native grasses (Kimball et al., 2014).

Previous studies have identified invasion by annual, non-native grasses, namely species

from the genera Bromus and Avena, as the primary threat to CSS (Freudenberger et al., 1987;
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Minnich and Dezzani, 1998). Talluto and Suding (2008) estimated that 49% of the area previously
covered by CSS had been converted to invasive Eurasian grassland between 1930 and 2005, and
only 15% remained uninvaded. These conversions from CSS to GL not only lead to losses of
native, endemic habitats, but also cause alterations in ecosystem structure and function both above-

and belowground (D’Antonio and Vitousek, 1992; Wood et al., 2006).

Here, we took advantage of a long-term field experiment to examine how experimental
rainfall reduction and nitrogen (N) addition impact above- and belowground ecosystem properties
in adjacent CSS and GL habitats at the Loma Ridge Global Change Experiment (LRGCE). The
LRGCE explores the impacts of precipitation change (ambient or reduced (drought)) and nitrogen
addition (ambient or +N) in CSS and GL habitats along a vegetation boundary that has been stable
since at least 1939. Previous work at LRGCE focused on the impacts of both drought and nitrogen
deposition on aboveground vegetation in CSS and GL and found that the drought and drought x
+N treatments decreased native shrub cover and increased the cover of invasive grasses in CSS
during early succession (Kimball et al., 2014). Our analyses explored both the long-term, and
combined effects of drought and nitrogen addition on these habitats, with a particular focus on
treatment impacts belowground. We incorporated soil sampling to two meters depth to more fully
quantify changes in root biomass and soil properties. Mechanistic understanding of how soils
respond to drought, nitrogen addition, and the associated vegetation shifts is required to accurately

predict how the terrestrial carbon pool will respond to global change.

We focused on the following questions: 1.) How do long-term drought and added nitrogen
impact aboveground vegetation along a stable boundary between CSS and GL?; 2.) How do
belowground vegetation and soil properties respond to drought and added nitrogen? 3.) Do changes

in aboveground vegetation correlate with changes belowground? 4.) Does the vegetation shift from
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CSS to GL impact belowground properties?
3.3 Methods
Study site

All data were collected in Spring 2020 in plots at the LRGCE located on a gentle, northwest
facing slope at the foothills of the Santa Ana Mountains (117.704 W, 33.742 N). The plots
experience a Mediterranean climate, characterized by warm, dry summers and mild, wet winters.
The annual average high temperature is 24.1 °C and the annual average low is 9.7 °C. The mean
precipitation is 327 mm per year, and generally falls in the months of November-April. The
LRGCE started in 2006 and uses factorial manipulations of precipitation and nitrogen to examine
the effects of global change on adjacent Mediterranean CSS and GL plots. The experiment uses a
randomized, split plot design with eight replicate blocks in each vegetation type. Each replicate
block contains three plots, one with each of the three precipitation levels: ambient, added (+40%),
and drought (-40%). Our analyses focused only on the ambient and drought manipulations (Figure
3.1). Precipitation was reduced through the installation of retractable polyethylene roofs that were
closed during approximately half of the rain events (closed <5% of the days during a year) (Figure
3.2). The plots were split lengthwise, and one side was randomly selected to receive added
nitrogen. Added nitrogen (+N) plots received 2 g N m? calcium nitrate prior to the first rain of the
growing season and 4 g N m? 100-day calcium nitrate shortly after the onset of the growing season
(Parolari et al., 2012). LRGCE currently receives approximately 1.5 g N m?2yr? from nitrogen
deposition (Fenn et al., 2010), thus the added nitrogen plots simulate high levels of nitrogen

deposition (Kimball et al., 2014).
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Figure 3.1. Study site and experimental design at the Loma Ridge Global Change Experiment in
Irvine, California, color coded by precipitation treatment (control or drought), and nitrogen
treatment (control, added (+N)).
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Vegetation cover and composition

We measured fractional species composition and cover during peak growing season
(March 2020). In CSS, species composition and cover were measured as fractional cover by
species over the total area in each plot. In GL, species composition and cover were measured by
point intercept method, using two 160 x 60 cm? polyvinyl chloride frames with 10 cm interval
grids positioned in each plot. The first-intercepted species at each interval point was recorded, and
if no species were found, the point was recorded as litter or bare soil. The number of interceptions

for each species was then summed within each plot to calculate fractional cover.
Vegetation live biomass and litter pools

Live herbaceous biomass and litter were collected from each plot. Four 14 cm by 50 cm
polyvinyl chloride frames were harvested and sorted by type (grass or forb). Litter was also
collected within each frame and was sorted by type: grass litter, or leaf litter and coarse woody
debris. All biomass and litter samples were returned to the lab, dried at 65°C for 4 days, and

weighed.

The volume of all individual shrubs within a four by four meter center subplot was
calculated in CSS plots using measurements of height, and two perpendicular width measurements,
assuming a spherical shape. Shrub volume was then converted to biomass using species specific

volume-mass relationships (Pasquini 2008; Table A.6).
Soil Core Sampling

One soil core to two meters depth was taken at a randomly selected location within each

plot using a 5.7 cm diameter soil auger (N=8 for ambient plots, N=4 for treatment plots). Each soil
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core was separated by depth range (0-10 cm, 10-20 cm, 20-30 cm, 30-50 cm, 50-100 cm, 100-150
cm, and 150-200 cm). All soil cores were taken back to the lab and dried to constant mass at 105°C.
Bulk density was calculated as the total mass of dry soil per volume of depth range. Soils were
sieved to 2 mm and root biomass was collected from each soil core and depth range, which were
then washed, dried and weighed. A subsample of sieved soil was then pulverized. An aliquot of
pulverized soil assayed for elemental C and N composition on a NC Soil Analyzer 2400

(Thermofisher).

Statistical analyses

The observed above- and belowground properties were analyzed using three-way analysis
of variance to examine the effects of vegetation type (CSS vs. GL), precipitation treatment (control
vs. drought) and nitrogen treatment (control vs. +N), and their interactions. We performed multiple
pairwise comparisons using the Tukey-Kramer method to account for the unbalanced sample sizes.
We ran simple linear regressions between each belowground property and corresponding above or

belowground property measured to examine the drivers of belowground changes.

3.4 Results

The above- and belowground properties measured in this study showed no significant
three-way interactions between vegetation type, rainfall treatments, and nitrogen treatments. Most
properties displayed significant main effects due to vegetation type and rainfall treatment, and
interaction effects between vegetation type and rainfall treatment, and occasional properties
displayed significant interactions between rainfall and nitrogen treatments. The differences found
between vegetation types (CSS vs. GL) were often larger than those found between treatments.

Within each vegetation type, rainfall treatment was often the most significant driver of change.
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GL response to treatments

GL showed no significant response to treatments neither above- nor belowground, aside
from the +N treatment having significantly higher soil N at 20-30 cm than the drought x +N
treatment (Figures A.1, A.2, A.3). While changes in GL properties in response to treatment were
notable, particularly aboveground, the small magnitude of the changes combined with high
variability led to little statistical significance. Overall, CSS properties were generally more
sensitive to the treatments than GL properties, and we therefore will focus mainly on the impacts

of treatments in CSS.

CSS response to treatments

Within the CSS treatments, drought was the main driver of change. N addition showed
little statistical impact overall, although occasional interactions between rainfall treatment and N

treatment were observed, indicating that N addition may impact CSS when combined with drought.

CSS aboveground biomass and litter

The drought and drought x +N treatments reduced live shrub biomass by -68% (p=0.0467)
and -69% (p=0.1424) respectively, while herbaceous grass and forb biomass showed little change
(Figure 3.3). There was a shift in litter composition in both drought treatments, with notable
decreases in shrub leaf litter and coarse woody debris (fallen dead shrub stems and branches) and
increases in the amount of grass litter. The drought, ambient N treatment displayed significant
increases in the mass of standing dead shrubs (still rooted in soil) when compared to the control
(p=0.0096). In both drought treatments the mass of dead material was greater than the mass of live

material (Figure 3.3). The + N treatment showed no change in aboveground biomass nor litter
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(Figure 3.3). Overall, both drought treatments displayed widespread shrub die-off and an

accumulation of grass litter.
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Figure 3.3. A.) Live biomass and B.) litter mass pools in Coastal Sage Scrub at the Loma Ridge
Global Change Experiment. Error bars indicate standard error.

CSS root biomass

Root biomass was highly variable across vegetation types and treatments, but in CSS there
were notable reductions in root biomass in both drought treatments. Although not statistically
significant, drought and drought x +N treatments displayed 43% (p=0.4923) and 54% (p=0.2281)
reductions in total root biomass to two meters depth respectively. The +N treatment showed no
change in  root biomass at any depth, nor in total root biomass

(Figure 3.4A).
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Figure 3.4. Root biomass, soil organic carbon, and soil nitrogen stocks in Coastal Sage Scrub
habitat at the Loma Ridge Global Change Experiment. Error bars indicate standard error. A.) Root
biomass B.) soil organic carbon stocks, and C.) soil nitrogen stocks by depth layer in each
treatment.
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CSS bulk density

The drought and drought x +N treatments led to a 16% (p=0.0145) and 14% (p=0.0556)
decrease in soil bulk density at the surface (0-10 cm) respectively. The +N treatment showed no
change (Figure 3.5A). Bulk density was negatively correlated with the amount of grass litter in

CSS (r?=0.193; p=0.05) (Figure 3.6).
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Figure 3.5. Soil properties by depth in Coastal Sage Scrub at the Loma Ridge Global Change
Experiment. Error bars represent standard error. Treatments marked with different letters indicate
statistical difference (p<0.05) in 0-10 cm depth. No statistical differences were found below 0-10
cm. A.) Bulk density, B.) organic carbon, C.) nitrogen, and D.) C/N ratio by depth in each
treatment.
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depth in Coastal Sage Scrub habitat at the Loma Ridge Global Change Experiment. Black line
indicates line of best fit, and blue lines indicate 95% confidence interval.

CSS soil organic carbon

Drought and drought x +N treatments displayed -40% (p=0.0008) and -32% (p=0.002)
reductions in soil organic carbon (SOC) (gC/cm?) at the surface (0-10 cm) (Figure 3.5B). SOC
below 10 cm was unaffected. The + N treatment showed no change at any depth compared to the
control. Despite large reductions near the surface in both drought treatments, total SOC stocks to
two meters were not significantly different from the control (Figure 3.4B). We found that SOC
was positively correlated with root biomass in 0-10 cm (r?=0.378; p=0.002) and 10-20 cm

(r?=0.340; p=0.004) in CSS (Figure 3.7).
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Figure 3.7. Correlations between root biomass and soil organic carbon (SOC) content in A.) 0-10
and B.) 10-20 cm in Coastal Sage Scrub habitat found at the Loma Ridge Global Change
Experiment. Black line indicates line of best fit, and blue lines indicate 95% confidence interval.
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CSS soil N and C/N ratio

Despite yearly N additions of 6 gN/m?, there were no significant trends in soil N in response
to treatments in CSS (Figures 3.4C and 3.5C). Both drought treatments displayed decreases in the
C/N ratio at the surface (0-10 cm). Drought displayed a 33% decrease (p=0.0486), and combined
drought x +N displayed a 27% decrease (p=0.4461) in C/N ratio compared to the control. The +N

treatment showed no significant change at any depth.
Drought induced shifts from CSS to GL

The drought and drought x +N treatments in CSS displayed widespread native shrub die
off, increases in standing dead shrub mass, and shifts in litter composition that demonstrate grass
litter accumulation, and losses of shrub litter. These changes aboveground were mirrored in the
surface soil, and led to reductions in soil bulk density, SOC, and in the C/N ratio of the soil. Surface
(0-10 cm) soil bulk density, SOC, and C/N ratio in the CSS drought treatments were statistically
more similar to the GL control than the CSS control (Figure 3.8). Only soil N remained more
similar to the CSS control than GL. We found significant correlations that indicate greater grass
litter led to reductions in surface soil bulk density in CSS (Figure 3.6), and that the loss of root
biomass in CSS drought treatments correlated with lower SOC in 0-10 cm and 10-20 cm (Figure
3.7). Overall, drought caused a vegetation shift from CSS to GL that was visible in both above and

belowground properties.
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Figure 3.8. Drought induced shifts from Coastal Sage Scrub (CSS) to Grassland (GL) in the CSS
habitat found at the Loma Ridge Global Change Experiment. Error bars represent standard error
of the mean. Treatments marked with different letters indicate statistical difference (p<0.05) in 0-
10 cm depth. No statistical differences were found below 0-10 cm. A.) Similarities in surface soil
bulk density in CSS drought plots and GL. B.) Similarities in surface soil organic carbon in CSS
drought plots and GL. C.) No change in soil nitrogen in CSS drought plots. D.) Similarities in
surface soil C/N ratio in CSS drought plots and GL.
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3.5 Discussion

Rapid shifts in aboveground vegetation in response to treatments

Consistent with previous studies, drought and drought x +N caused reductions in native
shrub biomass and triggered a vegetation shift from CSS toward GL (Kimball et al., 2014). In our
study, N addition (+N) alone did not cause shrub die-back nor grass invasion, indicating that
drought was the main driver of this conversion. Extended drought likely caused openings in the
shrub canopy, enabling fast-growing, non-native grasses to invade. Previous studies have
documented that shrub canopy openings caused by drought, fire, or other disturbance allow the
space for grass invasion, which then are able to quickly access excess N, leading to greater invasive
proliferation when combined with N enrichment (Seabloom et al., 2003; Gea-lzquierdo et al.,
2007; Jiménez et al., 2011; Diez et al., 2012; Kimball et al., 2014). While we did not find
significant differences between drought and combined drought x + N treatments in the CSS plots,
a previous study at our site identified that combined drought x + N treatments had higher instances

of grass invasion (Kimball et al., 2014).

Despite long-term rainfall reductions and N additions, GL showed no significant responses
to treatments in this study. The annual growth pattern and high ecological resilience of GL largely
explain the lack of response, particularly in the soil measurements. Previous research at our site
indicates that GL biomass responds nearly linearly with increasing precipitation, until saturating
around 250 mm per year (Parolari et al., 2015), which means that drought plots experienced similar
growth and biomass density as control plots in years of precipitation greater than 250 mm. Both
the year data was collected and the year prior experienced precipitation greater than 250 mm

(Figure 3.2), thus the lack of treatment response in GL aboveground is expected. Belowground
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measurements such as bulk density and C and N content would also be impacted by interannual

variability in aboveground biomass, leading to a muted treatment response belowground.

Our results indicate greater sensitivity to treatments, particularly drought, in CSS. While
CSS habitats are adapted to seasonal and long-term drought, they are typically found in areas of
precipitation ranging from 250-500 mm per year (Harrison et al., 1971). The drought treatments
received an average of 156 mm per year of water across the thirteen years studied, and nine of the
years greatly exceeded the lower end of the precipitation range, particularly during the 2012-2016
drought (Figure 3.2). Ambient rainfall during the same time frame was on average 267 mm per
year, signifying that our study site may be approaching the lower edge of the CSS habitat climate
zone, and nearing the climate zone for arid grasslands (Whittaker, 1975). Although drought
adapted, the perennial strategy of species in CSS may serve as a disadvantage in drier climates
with high interannual rainfall variability climates, and especially during times of extended drought.
As both the frequency and severity of drought are predicted to increase in the future (Bell et al.,
2004; Griffin and Anchukaitis, 2014; Jones, 2000), we may continue to see widespread

conversions of CSS to GL.

Rapid shifts belowground in response to treatment

In response to our question regarding how roots and soils respond to drought, N addition,
and vegetation shifts, we found that only surface soils were sensitive to treatments, and that the
changes in surface soils appeared to be associated with the vegetation shift from CSS to GL (Figure
3.8). In CSS, drought significantly reduced soil bulk density, SOC content, and C/N ratio in the
surface soil, but neither total SOC nor N stocks showed change in any treatment, in neither CSS

nor GL. We attribute the lack of change in SOC and N stocks to two meters to the sheer size and

52


https://link.springer.com/article/10.1007/s11104-015-2776-y#ref-CR9
https://link.springer.com/article/10.1007/s11104-015-2776-y#ref-CR9
https://link.springer.com/article/10.1007/s11104-015-2776-y#ref-CR9
https://link.springer.com/article/10.1007/s11104-015-2776-y#ref-CR35
https://link.springer.com/article/10.1007/s11104-015-2776-y#ref-CR35
https://link.springer.com/article/10.1007/s11104-015-2776-y#ref-CR44
https://link.springer.com/article/10.1007/s11104-015-2776-y#ref-CR44

known stability of these pools (Sollins et al., 1996; Schmidt et al., 2011), while the soil surface is
more responsive to treatments and changes in aboveground vegetation (Minasny et al., 2017). The
reductions in surface soil bulk density in CSS drought plots were correlated with higher grass litter,
indicating that the invasion of grasses with shallow, dense webs of fine roots was the likely cause
(Figure 3.6). The reduction in surface SOC and C/N ratio is also consistent with the transition from
CSS to GL (Figure 3.8). Previous work found that grass invasion into shrublands introduced litter
with less recalcitrant carbon than native shrubs, which are high in recalcitrant carbon molecules
such as phenols and lignin (Gray and Schlesinger, 1981; Westman and Oleary, 1986; Blank, 2008;
Wolkovich et al., 2010; Dickens and Allen, 2014). Grasses are easier to decompose than the
recalcitrant shrub litter (Brady and Weil, 2002; Xu et. al., 2016), meaning grass litter would cycle
at faster rates than that of the native shrubs, leading to a reduction in SOC (Dickens and Allen,

2013).

The lack of response in soil N is consistent with previous studies of fertilization in CSS
and GL ecosystems, which found that added N (and other amendments) increased microbial
activity and increased N immobilization, leading to no change in total N (Zink and Allen, 1998).
The drought induced reduction of surface soil C/N ratio may be related to SOC loss, or may
indicate changes in soil microbial communities, and/or decomposition. Soil C/N ratio is frequently
used as a determinant for soil health as soil microorganisms are directly impacted by C/N ratio
(Xu et. al., 2016). Greater C/N ratio generally results in slower decomposition (Brady and Weil,
2002; Xu et. al., 2016), indicating that C in CSS control plots may decompose more slowly than
in both CSS drought plots and GL plots. Microbial activity is generally concentrated in the top 10
cm of soil (Brady and Weil, 2002), coinciding with the largest changes observed in this study.

Previous work at our study site demonstrated that belowground biotic communities were highly
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specific to vegetation type (Finks et al., 2021), which suggests that microbial communities may

also be sensitive to drought induced vegetation shifts.

Implications of drought induced vegetation shifts

The vegetation shifts from CSS to GL in drought plots observed in this study have wide-
reaching implications for ecosystem function and services, both above- and belowground. CSS is
an endangered and endemic ecosystem that supports a great diversity of plant and animal species,
over 200 of which are designated as rare, threatened, or endangered (O’Leary et al., 1992;
McCaull, 1994; Bowler, 2000; Tibor, 2001). The replacement of CSS by GL threatens this unique
habitat, and also causes changes in ecosystem function, such as ecosystem water balance and
hydrology due to differing soil densities and rooting and water-use strategies (Davis & Mooney,
1985). The differences in biogeochemical cycling and carbon storage between the vegetation types
also indicate that these vegetation shifts may have significant implications for ecosystem carbon
balance. Finally, the shifts from CSS to GL have consequences for fire frequency and intensity as
GL habitats are known for their high flammability and fuel load (Keeley, 1986; Minnich &
Dezzani, 1998). As California heads toward a drier future, the drought induced vegetation shifts
from CSS to GL have the potential to significantly alter ecosystem function and services that could
further exacerbate global change. Whether the shifts from CSS to GL are reversible in years of

higher rainfall will become an important factor in global change predictions in the years to come.
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Chapter 4.

Do recent NDVI trends demonstrate boreal forest decline in Alaska?

As published in:

Fiore, N. M., Goulden, M. L., Czimczik, C. I, Pedron, S. A., & Tayo, M. A. (2020). Do recent
NDVI trends demonstrate boreal forest decline in Alaska?. Environmental Research Letters, 15(9),

095007.

4.1 Abstract

Remote sensing analyses of boreal forest regions have found widespread decreasing or
increasing trends in normalized difference vegetation index (NDVI). Initially, these trends were
attributed to climate change induced shifts in primary productivity. It is emerging, however, that
fire disturbance and subsequent succession also strongly impact the optical properties of boreal
forests. Here we use NDVI time series data from Landsat (1999-2018) paired with surveys of 102
forest stands with known recent fire history to investigate the relationship between NDVI and
forest structure during succession. We found that NDVI varies systematically with stand age as a
result of successional changes in forest structure and composition and that the proportion of
deciduous (broad-leaved) trees in the upper canopy is a better predictor of NDVI than leaf area
index. Recent fire disturbance led to strong NDVI decreases and early post-fire recovery of
herbaceous and deciduous vegetation to strong NDVI increases. The mid-succession transition
from deciduous to evergreen (needle-leaved) stands led to weak NDVI decreases, while mid-to-
late succession thinning of evergreen canopies led to weak NDVI increases. Thus, both increasing
and decreasing NDVI stands occur naturally across the landscape, and do not necessarily reflect a

large-scale shift in boreal forest productivity.
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4.2 Introduction

Boreal forests account for nearly one third of global forest area and store ~30% of the total
terrestrial ecosystem carbon pool, but climate change, increased fire, and human disturbance may
be altering forest dynamics and productivity (Kasischke et al., 1995; Pan et al., 2011; Ma et al.,
2012; Bradshaw and Warkentin, 2015). Remote sensing provides a valuable tool for studying the
composition and productivity of this large and often inaccessible region, and many studies have
utilized satellite-derived measurements of normalized difference vegetation index (NDV1) to infer
landscape-scale productivity. Time series are used to calculate NDV1 trends over time, with NDVI
decreases interpreted as 'browning' and NDVI increases interpreted as 'greening' (Goetz et al.,
2005). Previous studies have reported various regional trends, with large spatial and intensity
differences between datasets (e.g. GIMMS vs Landsat) and methodologies (Alcaraz-Segura et al.,

2010; de Jong et al., 2011; Forkel et al., 2013; Guay et al., 2014).

Previous studies comparing NDVI trends across datasets have found conflicting results,
with some showing NDVI increases and others decreases for the same location (Alcaraz-Segura
et al., 2010). One source of discrepancy in NDVI analyses lies in the resolution of the dataset,
which ranges from 8 km resolution for the Global Inventory Monitoring and Modeling Studies
(GIMMS) Advanced Very High-Resolution Radiometer (AVHRR) data to 30 m for Landsat data.
Recent work has emphasized finer resolution datasets like Landsat to better diagnose the drivers

of changing NDVI (Ju and Masek, 2016; Sulla-Menashe et al., 2018).

A second issue involves the interpretation of NDV1 itself. Many studies have tied NDVI to
field measurements of biophysical properties of vegetation and found positive correlations with

vegetation cover, leaf area index (LAI), biomass, vegetation health, and chlorophyll concentration
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(Carlson and Ripley, 1997; McMillan and Goulden, 2008; Yang et al., 2017). However, these
biophysical properties are not fully independent, which challenges efforts to interpret recent NDVI
trends in terms of changes in actual ecological or biophysical properties. Furthermore,
relationships between biophysical properties and NDVI may not hold throughout the whole life
history of a forest stand. For example, NDVI increases linearly with LAI for stands with low LAI
before saturating at high LAI (Carlson et al., 1990; Turner et al., 1999). These ambiguities
underscore the need for systematic field observations to better interpret observed changes in

remotely sensed vegetation indices.

We made field observations of vegetation structure and composition at over 100 forest
stands of varying age in interior Alaska to investigate the relationship between recent NDVI trends
and forest structure and composition. Locations were selected based on fire history and the 1999—
2018 Landsat NDV1 trend to sample four groups: (1) Stands that burned after 2005; (2) Stands that
burned during 1980 and 2005; (3) Stands with no burn reported since 1980 and a decreasing ND VI,
and (4) Stands with no burn reported since 1980 and an increasing NDVI. This collection of stands
allowed us to explore four questions: (1) How are changes in forest structure and composition in
recently burned stands associated with NDVI decreases? (2) How are changes in forest structure
and composition in young stands associated with NDV1 increases? (3) In the absence of recent
fire, how are NDVI decreases in mid-to-late successional forests related to forest structure and
composition? (4) In the absence of recent fire, how are NDVI increases in mid-to-late successional

forests related to forest structure and composition?
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4.3 Methods

Fire history

We used the 1940-2018 Alaskan fire perimeter database produced by the Alaska Fire
Service (AFS) and acquired from the Alaska Interagency Coordination Center
(https://fire.ak.blm.gov/incinfo/aklgfire.php) to identify sample locations. We subsequently
determined the actual age of each stand with tree cores, so errors in the fire perimeter database and

the lack of fire history information before 1940 would not affect our analysis.

NDVI extraction and temporal trend analysis

June-August Collection 1, Level 1 Landsat 5, 7, and 8 Surface Reflectance and Brightness
Temperature images with less than 30% cloud cover for WRS2 Paths 66—72 and rows 14-16 were
downloaded from the USGS (https://espa.cr.usgs.gov; 658 images total; 604 images after 1998)
after reprojection at 0.0002695° resolution (30 m latitude, variable longitude). The images were
masked for snow, cloud and cloud shadow, and NDVI was calculated, homogenized across
instruments and the summer median calculated (see details in Goulden and Bales, 2019). Images
were not masked for standing water. There was some residual effect of the Landsat 7 Scan Line
Corrector (SLC) failure despite masking, presumably due to systematic alignment of gaps and
resulting differences in scene availability. Subsequent analyses focused on 19992018 due to large
gaps in the earlier record with the lack of a consistent downlink station in Alaska. Simple linear
regressions were calculated from the resulting NDVI summer medians over the 20 years time
period. Trends with a significant non-zero slope were calculated using a two-tailed t-test, at p <

0.1 (slopes were considered significant for a <0.05 or >0.95).
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Field sites

We surveyed 102 forest stands across interior Alaska, spanning a distance of over 425 km
(Figure 4.1) in August 2017 and 2018. The sites were selected before visiting the field to include
locations with and without a fire since 1940. Recently burned sites were selected to span a range
of years since fire, while sites without a recent fire were selected to include a range of Landsat

NDV!I trends.

Figure 4.1. Map of A.) Alaska and B.) locations of boreal forest stands around Fairbanks where
forest structure and composition were measured and compared to remotely-sensed NDVI trends
(From ArcGIS; Sources: Esri, HERE, Garmin, Intermap, INCREMENT P, GEBCO, USGS, FAO,
NPS, NRCAN, GeoBase, IGN, Kadaster NL, National Geographic, UNEP-WCMC, NASA, ESA,
GEBCO, NOAA, Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong), ©
OpenStreetMap contributors, GIS User Community).

Sites were further screened to avoid large topographic and land use gradients and to allow

efficient access. Two perpendicular 60 m transects were established at each site, and stand
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characteristics were measured at 10 m intervals along each transect. Measurements included
canopy cover, percent species composition of upper and lower canopies (measured as proportional
cover of species over total area on interval), average height of upper and lower canopies, ground
cover, standing and downed deciduous stems, and standing and downed evergreen stems. Any
evidence of disturbance (fire, permafrost thaw, beetle damage, logging, or other human impacts)
was noted. Fraction deciduous was subsequently calculated from the proportion of deciduous cover

in the upper canopy over the total canopy coverage.

LAI (leaf area index) data were collected at each site using LAI-2000 plant canopy analyzer
(L1-COR). Eight LAI-2000 measurements were taken under the canopy in each 30 m interval along
the 60 m perpendicular transects and corresponding above canopy measurements were taken in the
nearest canopy clearing. The measurements were then processed with the internal LI-COR LAl
software to provide four estimations of LAI per site. The LAI-2000 is known to underestimate LAI
in coniferous stands, so species specific corrections for black spruce (Picea mariana (Mill.) B.S.P.)
were applied to black spruce site data (Chen 1996; Law et al., 2008). Corrections for white spruce
(Picea glauca (Moench) Voss) are not available, and these stands were frequently mixed with
deciduous species; we consequently were unable to correct for clumping in the white spruce stands
and note that LAI may be underestimated at these sites. The mean LAI was then calculated from

the four estimations and used as the site level LAI.

To estimate tree age of each site, multiple tree cores were collected from representative
trees of each species in the upper canopy (2—4 trees per species) with 4.3 mm outer diameter
increment borers (Haglof). Tree cores were mounted, sanded manually, and rings were counted

using Lignovision software (Rinntech). The average tree age was subsequently determined by
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taking the mean ring count of cores analyzed. For recently burned and early fire recovery sites the

site age was determined from the year of fire and confirmed by tree cores when possible.

4.4 Results

Composition and structure of successional stages

The sites visited were subsequently sorted into five successional stages based on stand age
and majority (>50%) species composition of the upper canopy: (1) Recently burned (fire after
2005; <13 years since fire), (2) Early fire recovery (burned between 1980-2005; 13—38 years since
fire), (3) Mid-to-late successional, deciduous dominated stand, (4) Mid-to-late successional, white

spruce dominated stand, and (5) Mid-to-late successional, black spruce dominated stand.

Each successional stage had a distinct forest structure, and a characteristic NDVI trend
(Figure 4.2). Recently burned stands (age 0-13 years) had charred, dead trees with occasional live,
evergreen trees in the upper canopy that survived the fire, and deciduous saplings in the lower
canopy (Figure 4.3). Herbaceous plants, moss, and charred material covered most of the ground.
Early fire recovery stands (age 13-38 years) had upper canopies of evergreen trees that had
survived fire, along with deciduous species such as paper birch (Betula papyrifera Marshall) and
quaking aspen (Populus tremuloides Michx.), and lower canopies of birch and aspen, and mostly
herbaceous ground cover (Figure 4.3). Standing and fallen dead trees from the fire were still
visible. Mid-to-late successional deciduous stands (age 30—-180 years) had dense upper canopies
of birch and aspen, and lower canopies of birch, aspen, and alder (Alnus sps.), with progressively
more white spruce or black spruce in older stands (Figure 4.3). The ground cover of deciduous
stands consisted of bare ground and litter, herbaceous plants and small percentages of moss. Mid-

to-late successional white spruce stands (age 50—200 years) often had multiple generations of white
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spruce in the upper canopy, with varying percentages of deciduous species in the upper canopy,
and lower canopies of white spruce with dense thickets of alder (Figure 4.3). Mid-to-late
successional black spruce (age 30-200 years) had sparse black spruce in both the upper and lower
canopies, and occasionally small percentages of birch and willow (Salix sp.) in the upper and lower
canopies. Thick layers of moss, lichen, and herbaceous plants covered most of the ground in mid-

to-late successional black spruce stands (Figure 4.3).
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Figure 4.2. Boxplots of all 1999-2018 NDVI trends (NDVI units/year) for each successional
stage. Dotted line indicates mean, solid line indicates median. Sample size (number of sites visited)
is shown above each successional stage label, and p-value calculated using a two-tailed, one
sample t-test on all trends for each group is shown above each boxplot. Null hypothesis is that the
mean trend for each group is '0'.
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Figure 4.3. Chronosequences of composition (based on percent cover) of upper and lower
canopies, and ground cover binned by stand age in 50-year intervals for each successional stage.
Calculated from field data collected in 2017-2018. A.) Recently burned forest composition (stand
age 0-13 years); B.) Early fire recovery forest composition (stand age 13-38 years); C.) Mid-to-
late successional deciduous dominated forest composition (stand age 30-180 years); D.) Mid-to-
late successional white spruce dominated forest composition (stand age 50-200 years); E.) Mid-
to-late successional black spruce dominated forest composition (stand age 30200 years).

NDVI trends across the landscape

There was a visible mosaic of increasing and decreasing NDVI trends across interior
Alaska, which was clearly linked with recent fire history (Figure 4.4). Burn scars from recent
decades show consistent behavior in NDVI trends, with trend perimeters typically matching fire
perimeters. Timing of fire largely controlled NDVI trend direction and intensity, with recent burns
(2018-2005) showing strong NDVI decreases and burns from 2005-1980 showing NDVI
increases (Figures 4.4). Trend significance inside burn scar perimeters was variable, with some
pixels showing significant trends (p-value < 0.1), and others insignificant within the same burn

scar (Figure 4.4B).
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Figure 4.4. Fire history polygons overlaid on map of NDVI linear regression trends from 1999—
2018 (NDVI units per year) across interior Alaska. A.) NDVI trend from 1999-2018 for each
pixel. B.) Significant NDVI trends from 1999-2018, with insignificant trends shown as white.
Trend significance in B.) was tested using a two-tailed t-test on the linear regression trend of each
pixel; all significant pixel trends (p-value < 0.1) are shown in color based on the magnitude of the
trend, and all insignificant pixel trends (p-value > 0.1) are shown in white.

There was heterogeneity in NDVI trends in the absence of recent fires, with some
undisturbed patches showing increasing NDVI and others showing decreasing NDVI. These
undisturbed patches often showed smaller magnitude trends than areas with reported fires, though
17.2% of these trends were significant (p-value < 0.1) (Figure 4.4B). Moreover, the unburned
locations with significant trends were clustered in relatively homogenous patches (Figures 4.4B),
and were not intermixed with pixels of opposite slope as would be expected with a random
distribution, implying that NDVI trends in the absence of recent fire may reflect ecological

variation.
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Successional effects on NDVI

Our data allowed us to create a 200 years long chronosequence of the boreal forest NDVI
successional trajectory (Figure 4.5), and to calculate the resulting 20 years chronosequence of
NDVI trends related to recent fires (since 1940) (Figure 4.6). Stands with recent fire displayed
large ranges in NDVI due to the rapid changes in forest structure and composition following fire,
but overall had the lowest average NDVIs (Figure 4.5A). Fire disturbance caused a sharp drop in
NDVI due to the loss of vegetation, followed by rapid recovery of herbaceous and deciduous
vegetation leading to strong NDVI increases (Figures 4.3 and 4.5B). NDVI continued to increase
until around 30 years since fire (Figure 4.5A), at which point many stands displayed maximum
fraction deciduous in the upper canopy (Figure 4.3). The immediate effect of fire and subsequent

recovery were large drivers of NDVI change in stands <30 years old (Figures 4.5B and 4.6).

After stands reached 30 years of age, NDV I typically stabilized and displayed more gradual
changes. Mid-to-late successional deciduous stands collectively had the highest summer median
NDVI, followed by white spruce, then black spruce stands (Figure 4.5A). With increasing age,
deciduous stands exhibited weak NDV1 decreases and black spruce stands of all ages showed weak
NDVI increases (Figures 4.2 and 4.5B). White spruce stands displayed both decreasing and
increasing trends, with younger white spruce stands typically showing decreases, and older white

spruce stands showing increases (Figures 4.2 and 4.5B).
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Figure 4.5. Chronosequences of NDVI of all sites visited, separated by dominant vegetation in the
upper canopy during 2017-2018. A.) Annual summer median NDVI from 1999-2018 for each site
visited. B.) NDVI trend for each site during 1999-2018. Tree core-based stand age of '0' represents
the year of fire, with 'Pre-Burn’ assigned as negative ages, or years before fire.
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Figure 4.6. NDVI trend during 1999-2018 as a function of year of fire. NDVI trend was calculated
from the slope of a floating 20 years window on the chronosequence of all NDVI observations for
all stand types with a reported fire since 1940.

Ecological effects on NDVI

The relationship between successional stage and NDVI can be explored further by
examining the relationships between fraction deciduous in the upper canopy and NDVI, and LAI
and NDVI. We found that NDVI was positively correlated with fraction deciduous in the upper
canopy (r’= 0.63) and with LAI (r>= 0.15) (Figure 4.7). Deciduous stands by definition had the
highest fraction deciduous and highest NDVI. These stands showed marked variation in LA,
which was correlated with differences in NDVI, especially in sparsely vegetated, recent burns.

Compared to deciduous stands, white spruce stands had a smaller fraction deciduous, a smaller
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range in LAI, and lower NDVI. Here, upper canopies typically consisted of a mixture of white
spruce and deciduous species and an increasing fraction deciduous generally increased NDVI
(Figures 4.3 and 4.76A). Black spruce stands had the lowest NDVI, a relatively small range in
LAI, and were less likely to have deciduous species in the upper canopy. Overall, fraction

deciduous in the upper canopy was a stronger predictor of NDVI than LAI.
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Figure 4.7. Relationships between fraction deciduous and NDVI, and LAI and NDVI of boreal
forest stands in Interior Alaska, USA. A.) Relationship between fraction deciduous of the upper
canopy, calculated from the proportion of deciduous cover over total canopy cover and NDVI for
year sampled; B.) Relationship between mean, site level LAI (taken with LAI-2000) and NDVI
for year sampled. Recently burned sites (<13 years since fire) are not shown due to their lack of
upper canopy.

4.5 Discussion

The central concept addressed in this study is how changes in the biophysical properties of
forests following fire and subsequent succession impact NDVI. Our results indicate that fire was
the main driver of large changes in NDVI in our sites. Fires after 2005 were associated with large
decreases in NDVI due to vegetation loss from fire, and fires between 1980 and 2005 with large

increases in NDVI due to post fire recovery of deciduous vegetation (Figures 4.2, 4.4 and 4.6) (see
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also Randerson et al., 2006; Alcaraz-Segura et al., 2010; Ju and Masek, 2016). The NDV I increases
from fire recovery last for roughly 30 years post-fire, at which point many stands displayed
maximum fraction deciduous (Figures 4.3, 4.5A and 4.7). This finding is supported by (Beck and
Goetz, 2011) who also found that high NDVI coincided with high deciduous coverage around 20—
40 years post-fire, and by (Amiro et al., 2006) who found high albedo around 30 years post-fire

that was linked to high deciduous coverage.

After this peak in NDVI and deciduous cover, mid-succession changes in forest structure
and composition led to weak decreases in NDVI in deciduous stands (Figures 4.2 and 4.5B). We
believe the ongoing replacement of high-NDVI deciduous, broad-leaved trees with lower-NDVI
evergreen, needle-leaved trees explains this trend, as evidenced by the changes seen in forest
composition (Figure 4.3) and the relationship between fraction deciduous and NDVI (Figure
4.7A). Our results confirm that NDVI saturates at high LAI (Figure 4.7B) (Carlson et al., 1990;
Gong et al., 1995; Turner et al., 1999), and that fraction deciduous in the upper canopy is a better

predictor of NDVI than LAI in boreal forests.

Our data also indicate a mid-to-late succession NDVI increase, especially evident in black
spruce stands and older white spruce stands (Figures 4.2 and 4.5B). We believe this increasing
trend in NDVI is due to the natural self-thinning and, or paludification of evergreen forests over
time that reveals understories with higher NDVI, consisting of deciduous shrubs, grasses, and/or
mosses (Figure 4.3). These results are consistent with previous work showing that NDVI trends
are related to cover type and that forests with sparse tree cover often show increasing NDVI trends
(Bunn and Goetz, 2006; Miles and Esau, 2016). As such, our work further supports the conclusion
that the understory of sparse forests plays a large role in remotely sensed NDV1 and that increasing

NDVI is a poor proxy of tree productivity (Caetano and Pereira, 1996).
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Many previous studies have documented widespread NDVI decreases across boreal
forests, which were hypothesized to reflect climate change-induced drought stress (Goetz et al.,
2005; Bunn and Goetz, 2006; Parent and Verbyla, 2010) and later linked to changes in productivity
viatree ring width analyses (Beck et al., 2011; Bunn et al., 2013). However, our study demonstrates
that changes in NDVI also signal changes in forest species composition and structure that are not
directly related to productivity and/or vegetation health. While the use of satellite-derived
vegetation indices such as NDVI to analyze vegetation dynamics remotely has clear advantages,
one evident drawback lies in the difficulty of directly ascribing changes in indices to the

biophysical or ecological properties of forests and their understories on the ground.

One limitation of our study is that our geographic location did not cross any ecotones where
climate change impacts are more likely to affect productivity (Goetz et al., 2005; Andreu-Hayles
etal., 2011; Sulla-Menashe et al., 2018). However, Landsat's 30 m resolution allowed us to better
link NDVI to in situ forest properties. Our results indicate that NDVI varies systematically with
stand age and successional stage, and that both fire and natural succession lead to composition and
structure changes that cause changes in NDVI, and do not necessarily reflect climate change

induced changes in tree productivity.

4.6 Conclusion

Our study linking surveys of forests with remotely-sensed NDVI demonstrates how boreal
forest fire and succession impact NDVI, and that fraction deciduous in the upper canopy is a better
predictor of NDVI than LAl in boreal forests. We conclude that the immediate and legacy effects
of fire are strong drivers of changes in boreal NDVI, and that forest patches with both increasing

and decreasing NDVI occur naturally across the landscape, and do not unambiguously indicate

78


https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib17
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib17
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib17
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib8
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib8
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib28
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib28
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib6
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib6
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib9
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib9
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib17
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib17
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib4
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib4
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib30
https://iopscience.iop.org/article/10.1088/1748-9326/ab9c4c#erlab9c4cbib30

large-scale changes in boreal tree productivity. While the response of forests to climate change
remains unclear, our results underscore the need to deconvolve the legacy effect of disturbance

and recovery when diagnosing recent trends in forest structure and function.
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Chapter 5.

Future research directions

The work presented in Chapters 2 and 3 of this dissertation provide novel findings on the
belowground properties and processes of a CSS and GL mosaic in Southern California. The work
from Chapter 2 highlighted how overlying vegetation type impacts soil properties along the stable
boundary at our site. CSS and GL mosaics are commonly found throughout California, and similar
shrub- and grassland mosaics are found worldwide. Future research should investigate local CSS
and GL mosaics to determine whether our findings of differences in soil properties hold true across

other locations, and between other shrub- and grassland mosaics.

The work from Chapter 3 highlighted the sensitivity of CSS to drought, and the cascading
effects of vegetation type shifts between CSS and GL on ecosystem properties and processes
above- and belowground. As drought conditions are expected to increase in severity and frequency
in Southern California, vegetation shifts from CSS to GL will become more common, leading to
significant impacts on ecosystem hydrology, carbon balance, and nutrient cycling. Future research
should aim to identify thresholds to the CSS to GL vegetation type shift and explore whether
vegetation shifts between CSS and GL are reversible in times of greater rainfall. It will also be
important to determine if the drought induced shifts in soil properties become a barrier to CSS
recovery, triggering a tipping point in which the ecosystem will no longer be able to return to a
functioning CSS community. Further investigations should focus on CSS and GL mosaics that are
currently experiencing invasion of GL into CSS, or encroachment of CSS into GL to see if soil

properties are impacted by the aboveground vegetation type shifts. This work can also be expanded

83



to shifting boundaries in other shrub- and grassland mosaics and more broadly between shifting
vegetation types (grass and shrub, grass and tree, shrub and tree, tree and tundra) that have been

documented globally.
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Appendix A.

Supplemental Figures
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Figure A.1. Live biomass and litter mass pools in Grassland habitat found at the Loma Ridge

Global Change Experiment. Error bars indicate standard error of the mean. A.) Live Biomass by
plant functional type. B) Litter Mass by type.
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Figure A.2. Root biomass, Soil Organic Carbon, and Soil Nitrogen Stocks in Grassland habitat
found at the Loma Ridge Global Change Experiment. Error bars indicate standard error of the
mean. A.) Root biomass by depth layer in each treatment. B.) Soil Organic Carbon stocks by depth
layer in each treatment. C.) Soil Nitrogen stocks by depth layer in each treatment.
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Figure A.3. Soil properties by depth in Grassland habitat found at the Loma Ridge Global Change
Experiment. Error bars represent standard error of the mean. A.) Soil bulk density by depth in each
treatment. B.) Soil organic carbon by depth in each treatment. C.) Soil nitrogen by depth in each
treatment D.) Soil C/N ratio by depth in each treatment.
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Appendix B.

Supplemental Tables

Table A.1. Summary of abiotic factors in Grassland (GL) and Coastal Sage Scrub (CSS)
vegetation types found along a stable boundary at the Loma Ridge Global Change Experiment.

Grassland (GL) Shrubland (CSS)
Mean Elevation (m) 351 356
Minimum Elevation (m) 347 347
Maximum Elevation (m) 360 364
Mean Slope, Aspect 10.2%, NW 10.0%, NW
Soil texture class Sandy Loam Sandy Loam
Soil subgroup Typic Palexeralfs Typic Palexeralfs

Table A.2. Summary of P-values from T-tests testing the impact of vegetation type (CSS vs
GL) on soil texture by depth. When violations of normality were encountered, Mann- Whitney
tests were used, indicated with asterisk (*). P-values in boldface indicate significant
differences (P<0.05) between vegetation types.

Ocm 15cm 30cm 45 cm 100 cm 200 cm

Clay *0.021 0.025 0.185 0.920 *<0.001 0.154
Silt *0.006 0.007 0.973 0.453 0.642 0.953
Sand *0.926 0.804 0.276 0.712 <0.001 0.248
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Table A.3. Summary of P-values from T-tests testing the impact of vegetation type (CSS vs
GL) on aboveground vegetation properties. When violations of normality were encountered,
Mann- Whitney tests were used, indicated with asterisk (*). P-values in boldface indicate

significant differences (P<0.05) between vegetation types.

Live Shrub Biomass
Live Grass Biomass
Live Forb Biomass
Shrub Litter Mass
Grass Litter Mass
Forb Litter Mass
Total Root Biomass

Total Soil Carbon Stock
Total Soil Nitrogen Stock

*<0.001
*<0.001
*0.016
*<0.001
*0.010
*<0.001
*0.009
<0.001
0.018

Table A4. Summary of P-values from T-tests testing the impact of vegetation type (CSS vs
GL) on belowground properties. When violations of normality were encountered, Mann-
Whitney tests were used, indicated with asterisk (*). P-values in boldface indicate significant
differences (P<0.05) between vegetation types.

0-10 10-20 20-30 30-50 50-100 100-150 150-200
cm cm cm cm cm cm cm
Root Biomass 0.336  *0.005 0.069 *<0.001 *0.002 *0.038 0.105
Root Distribution 0.025 0.360 0.166 *0.050 *0.002 *0.038 0.105
Bulk Density <0.001 <0.001 0.005 0.924 0.461 0.498 0.617
Soil Carbon (gC/kg) *0.040 0.160 0.340 0.623 <0.001 0.010 0.010
Soil Carbon *<0.001 0.002 0.101 0.582 <0.001 0.004 0.008
(gC/cm3)
Soil Nitrogen <0.001 0219 *0.195 *0.038 *0.959 *0.130 *0.007
(gN/kg)
Soil Nitrogen 0.631 0.128 0.966 0.067 0.117 0.014 *0.028
(gN/cm3)
C/N Ratio <0.001 *0.104 0.030 0.251 0.543 *0.541 *0.429
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Table A.5. Summary of P-values from T-tests testing the impact of vegetation type (CSS vs
GL) on belowground distribution of properties. When violations of normality were
encountered, Mann- Whitney tests were used, indicated with asterisk (*). P-values in boldface
indicate significant differences (P<0.05) between vegetation types.

0-50 cm 50-100cm  100-150cm  150-200 cm
Soil Carbon Distribution 0.988 0.323 0.644 0.445
Soil Nitrogen Distribution *0.002 *0.505 0.333 *0.083

Table A.6. Species-specific regression equations relating shrub volume to biomass (g). Total
biomass and volume data were natural log transformed to reduce variance. Equations are in the
form y = a*x+h, where variable a represents slope and b represents the y-intercept. The general
shrub equation was developed by combining all data for all shrubs. Equations marked with
asterisk are taken from Pasquini, 2008.

Species a b r

Artemisia californica* 0.8606 -5.7531 0.99
Eriogonum fasciculatum* 0.7870 -4.9588 0.99
Malosma laurina 0.6990 -3.2400 0.95
Salvia mellifera* 0.9353 -6.4553 0.99
General shrub* 0.8704 -5.4883 0.97
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