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Abstract The controls and trajectories of biogeochemical dynamics in chaparral
dominated ecosystems are highly diverse. This breadth of diversity in chaparral bio-
geochemical dynamics is caused by a combination of diverse biogeophysical drivers,
self-organization, and sensitivity to historical legacies. The high topographic hetero-
geneity and decoupling of moisture inputs and energy inputs in the winter precipita-
tion dominated climates imposes unique ecohydrologic adaptations that influence
plant and microbial metabolic activities and distributions throughout chaparral land-
scapes. Chaparral biogeochemical dynamics, especially interactions among carbon,
nitrogen, and hydrologic cycling, may have important implications for the ecosystem
services and disservices provided by these ecosystems, including greenhouse gas
emissions and pollutants to air and water, and influence the vulnerability of chaparral
biological communities to global change drivers. These ecosystems may have a large
capacity for carbon storage and sustained carbon sequestration at rates comparable
with those of old-growth forests. In other places, chaparral ecosystems may have low
pools of carbon and low rates of sequestration. While commonly considered nitrogen
limited, chaparral dominated ecosystems may also have large nitrogen emissions
through atmospheric and hydrologic pathways. Future trajectories of chaparral bio-
geochemical dynamics are also variable. Unprecedented interactions among global
change drivers, including climate, nitrogen deposition, fire frequency, and invasion
risks, are pushing many of these systems to tipping points of reorganization and type-
conversion to grass dominated states with uncertain biogeochemical consequences.
Management for maintaining ecosystem services associated with biogeochemical
dynamics can be improved with growing opportunities provided by a suite of envi-
ronmental sensors and next generation modeling approaches.
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6.1 Introduction to Biogeochemical Cycling in Chaparral

Biogeochemical dynamics in chaparral dominated ecosystems are unusually com-
plex and provide a valuable testbed for evaluating general ecosystem theories. What
is known suggests important differences between chaparral and most other terres-
trial ecosystems. Notably, the rates of C and N accumulation, transformations, and
losses in chaparral dominated ecosystems vary dramatically in time and space. As
such, chaparral ecosystems have a potential for long-term carbon (C) accumulation
(Luo et al. 2007) and high rates of nitrogen (N) losses (Homyak et al. 2014).
However, the actual rates of C and N accumulation, transformations, and losses in
chaparral dominated ecosystems vary considerably in time and space. The sources
of chaparral biogeochemical variability, in part, depend on underlying biogeophysi-
cal drivers, historical legacies, and self-organizing processes connecting hourly to
millennial time-scales and local to landscape spatial scales (Fig. 6.1). These inter-
acting drivers dictate, to a large degree, the availability of moisture, which has an
overriding influence on chaparral biogeochemical functioning.

The chaparral landscapes of California show extensive variation in their biogeo-
physical template; the combination of geology, climate, and available species that
sets the stage for biogeochemical cycling. Important factors include the distribution
of bedrock origins, climate gradients spanning coastal to inland and latitudinal gra-
dients, and rugged topography. Distributions of biological traits of plants and
microbes are another source of biogeochemical diversity that can moderate or
accentuate variation from the geophysical template. Historical legacies, past condi-
tions that influence current functioning, further influence biogeochemical variation
and include dramatic events such as wildfire or variation in precipitation across
event to decadal time-scales. Historical legacies can influence biological responses
to the geophysical template and biological capacity. A distinguishing feature of bio-
geochemical cycling in chaparral, in part because of the diversity of environmental
conditions and ecological responses, is a high diversity in the size of specific mate-
rial pools (e.g., above-ground biomass, roots, litter, soil) and similarly high diversity
of the controls to fluxes among these pools. Furthermore, other components of
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Fig. 6.1 Controls on chaparral biogeochemical cycling through external drivers, ecohydrological
self-organization, and historical legacies
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chaparral ecosystems can cause slowing or accelerating of the biogeochemical
cycle. For example, ecosystem characteristics such as water availability during
cooler periods and species with low rates of photosynthesis tend toward the slowing
of biogeochemical cycles, while the rapid response of chaparral ecosystems to wet-
ting and rapid soil movement tend toward accelerated biogeochemical cycling.

Future chaparral biogeochemical cycling will respond to inter-active global
change drivers through several potentially interacting pathways. These drivers influ-
ence the biogeophysical template through changes in climate and nutrient inputs,
biotic diversity, expansion of non-native species, and land use that removes and
fragments chaparral communities. Furthermore, the combination of global change
drivers may increase opportunities for community type change through conversion
of native shrub to non-native grasses with unknown implications for the biogeo-
chemical cycle. Understanding the spatial distribution and controls of biogeochemi-
cal dynamics in chaparral provides an essential basis for assessing future trajectories
of these ecosystems and maximizing their services while providing valuable direc-
tions for improving the next generation of ecosystem and land surface models that
include chaparral dynamics.

6.2 Controls of Biogeochemical Variation in Chaparral

6.2.1 Boundary Delineation of Chaparral Biogeochemistry

Ecosystem science operates from two often contrasting viewpoints: the Newtonian
view where understanding broadly applicable general mechanisms is desired and
the Darwinian view where understanding is derived from specific details of particu-
lar systems that are used to mechanistically build up from first principles (Harte
2002; Jenerette et al. 2012). In reconciling these alternate views, an ecosystems
framework that relies on mass balanced fluxes of elements between different pools
has been a fundamental perspective for examining biogeochemical dynamics that
allows both for broad generality and detailed specificity (Odum 1983). A systems
approach is used as a basis for biogeochemical and climate modeling and is leading
to new developments in ecosystem theory (Wu and David 2002). Using a systems
approach allows quantification of mass and energy balance and exchanges among
distinct pools within the ecosystem and between the ecosystem and the environment
(Odum 1983; Chapin et al. 2012). This framework allows an evaluation of how
controls and general mechanisms vary among systems, while also facilitating
detailed evaluation of individual systems.

An essential activity for any analysis within the ecosystem framework is bound-
ary delineation. A fundamental challenge is that ecosystems are inherently open
systems. Boundaries are necessarily imposed and can differ depending on the pur-
pose of analysis. For chaparral biogeochemical cycling, boundaries can vary spa-
tially, in both the vertical direction extending through the soil profile and vegetation
and horizontally across the land surface, encompassing a diversity of landscape
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components. Boundaries also change temporally, spanning instantaneous snapshot
to millennia. Vertically, boundaries typically include the upper few centimeters of
soil profile to the top of the plant canopy that is readily accessible for measure-
ments. However, extending the vertical profile deeper to the plant roots is desirable
both to better characterize the active ecohydrological layer and its influence on plant
dynamics, and the potential for storage of biogeochemical constituents. However,
characterizing biogeochemical dynamics deeper in the soil poses logistical chal-
lenges and can be disruptive to the ecosystem. At the most complete scope, the criti-
cal zone—spanning the bottom of groundwater to the top of the trees, provides an
increasingly used framework for bounding ecosystem processes (Amundson et al.
2007; Chorover et al. 2011). The full critical zone provides a comprehensive per-
spective for examining long-term biogeochemical dynamics resulting from coupled
geomorphic and ecological dynamics. In the horizontal direction, several alternative
boundary delineations are frequently used including watersheds, management units,
and plant community extents (Fortin et al. 2000; Bailey 2004). Practically, much
biogeochemical characterization occurs within individual sampling plots ranging
from m? to ha. Temporally, most analyses are bounded by only a few years of data,
however, a limited number of studies of chaparral biogeochemistry span a few
decades. The fine scale nature of ecological research compared to the expected
time-scales of ecohydrological changes poses important limitations that need
addressing. While boundaries are inherently arbitrary, imposing boundaries to chap-
arral biogeochemistry is an essential task for quantifying rates of biogeochemical
cycling with important consequences for estimates of pool sizes and exchange rates.

6.2.2 Geophysical Template for Chaparral Biogeochemistry

While the fundamental components of biogeochemical cycling in chaparral are con-
sistent with general ecosystem theory, the unique characteristics of chaparral eco-
systems limit our understanding of how biogeochemical cycle components, their
magnitudes, and their drivers vary. Chaparral dominated ecosystems occur in
Mediterranean-type climate (MTC) regions that receive primarily winter precipita-
tion. This imbalance between energy inputs in the summer months and moisture in
the winter months imposes selective pressure for unique ecohydrologic adaptations
that influence plant and microbial metabolic activities and distributions throughout
the landscape (Baldocchi and Xu 2007; Pumo et al. 2008). Interacting with this
general climate influence, the distribution of chaparral across latitudinal, coastal to
inland, and elevation gradients has implications for the distributions of precipita-
tion, temperature, and potential evaporation. Geologic variation also leads to differ-
ences in soil conditions, erosion, and deposition that can influence soil moisture
distributions and nutrient availability. Through erosion and deposition processes
chaparral ecosystems are characterized by high topographic heterogeneity, which
further impacts water availability. The rugged topography leads to complex patterns
in water availability, through large variation in insolation and upslope accumulation,
influencing water loss and inputs respectively. Large rates of soil movement



6 Biogeochemical Cycling of Carbon and Nitrogen in Chaparral Dominated Ecosystems 145

associated with the characteristically steep slopes in chaparral dominated regions
also lead to large variation in the capacity of soil to hold water.

Precipitation in MTC regions imposes a key constraint on biological processes—
these systems are by definition water-limited and changes in water availability have
direct and indirect consequences to biogeochemical cycling (e.g., Biederman et al.
2016). The effects of precipitation can occur within minutes, however, it can leave
legacies persisting across seasons, years, and potentially even decades (Jenerette
et al. 2008; Scott et al. 2009; Shen et al. 2016). Total annual precipitation is com-
monly the principal variable used to quantify ecosystem responses to moisture.
However, the partitioning of precipitation between hydrologically distinct flow
paths such as transpiration, soil evaporation, or runoff can also have a large influ-
ence on how the ecosystem and rates of biogeochemical cycling respond to precipi-
tation distributions. Independent of the total annual precipitation, the variation in
timing, intensity, and distribution of precipitation can have large effects on moisture
partitioning and lead to contrasting influences on biogeochemical cycling (Huxman
et al. 2004; Shen et al. 2008).

With seasonal precipitation in chaparral ecosystems dominated by winter rain-
fall, plant growth, and many associated ecosystem dynamics are generally more
closely connected to winter rainfall patterns. In contrast, moisture from summer
rainfall in June—September (a total average of <10 mm in southern California and
<15 mm in northern California chaparral) is less likely to contribute to plant growth
and generally is rapidly lost through soil evaporation. Within the winter season,
variation in the distribution of rainfall can have large influences on plant driven
biogeochemical cycling. For example, high intensity rainfall events can lead to
increased runoff as soil infiltration capacity is exceeded (see Chap. 7). Alternatively,
clusters of rainfall events can lead to increased runoff losses as soil water holding
capacity is filled through successive wetting. Both situations reduce precipitation-
related moisture available in the ecosystem. In contrast, small low-intensity rainfall
events may effectively only wet the leaf or soil surface and be primarily lost through
evaporation. Large gaps between rainfall events may be associated with increased
proportions of moisture lost through soil evaporation. The effects of contrasting
precipitation distributions can influence plant uptake of C and N and subsequent
litter contributions of C and N to the soil. Pulse responses to cycles of drying and
re-wetting can have a large influence on biogeochemical cycling in chaparral domi-
nated ecosystems (Miller et al. 2005; Jenerette and Chatterjee 2012; Jenerette et al.
2012). All of these components of precipitation can influence the effective moisture
in the soil and the capacity of biogeochemical processes.

Across the range of chaparral vegetation, multiple geographic gradients further
influence local energy balance and moisture availability. The large latitudinal gradi-
ent of chaparral, spanning most of California (Fig. 1.1), is further associated with a
large variation in ecohydrologic dynamics, with more moisture and cooler tempera-
tures in northern chaparral communities compared to southern communities.
Landscape position along coastal to inland gradients are similarly associated with
climate differences, with coastal chaparral communities generally wetter and cooler
than more inland communities. Variation in elevation can also influence local cli-
mate, with drier and hotter conditions at lower elevation and cooler and wetter con-
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ditions at higher elevations. These geographic gradients lead to a complex mosaic
of climate distributions influencing chaparral biogeochemical cycling.

Somewhat independent of the climate gradients is variation in underlying geology
including bedrock and mountain formation. Bedrock mineralogy can influence many
biogeochemical processes, for example, soils from parent materials dominated with
non-crystalline materials, e.g., andesite, may have higher rates of soil C mineraliza-
tion than soils from parent materials dominated by crystalline materials, e.g., granite
(Rasmussen et al. 2006). An extreme of geological influence can been seen in chap-
arral found on serpentine soils. These ecosystems show characteristic responses to
low nutrient and high metal content through communities with slow growth, dwarfed
stature, and reduced cover (Kruckeberg 1984; Gough et al. 1989) (see Chap. 1).

6.2.3 Biotic Diversity as a Driver of Chaparral
Biogeochemistry

While individual communities are generally dominated by only a few locally preva-
lent species, total plant species diversity in chaparral vegetation throughout California
is high. Recent estimates suggest chaparral harbors 1177 vascular plant species, a
substantial proportion of the plant diversity in California (Keeley 2005; Halsey and
Keeley 2016). The biogeochemical diversity includes both the potential for high
variation within individual sites and large differences among sites throughout the
entire range of chaparral ecosystems (see Chap. 2). Species variation across broad
geophysical gradients further influence biogeochemical diversity within chaparral.

In addition to taxonomic biodiversity, functional biodiversity, the breadth of
traits represented in the community, also has a critical role on the influence of chap-
arral species and consequently biogeochemical cycling. The species comprising
chaparral communities have a large breadth of functional diversity (Ackerly 2004;
Pivovaroft et al. 2016). Typically, functional diversity has been considered along
suites of potentially distinct axes such as leaf photosynthetic rate, size, parental
investment, and hydraulic capacity (Westoby 1998; Li et al. 2015; Diaz et al. 2016).
Leaf axes of functional variation are primarily arrayed along a leaf economic
spectrum of high maximum rates of photosynthesis and short leaf lifespan versus
lower maximum rates of photosynthesis and longer lifespans (Wright et al. 2004).
Leaf traits further influence soil biogeochemical cycling as the shorter-lived leaves
are also associated with more rapid decomposition (Cornwell et al. 2008). Species
typically dominant in chaparral communities are generally associated with charac-
teristics of the slow-end of the leaf economic spectrum with low N concentration,
low maximum rates of photosynthesis, and slow to decay litter. Another key plant
characteristic that varies among chaparral species is rooting depth, which influences
the zone of biologically available water with concomitant changes to hydrology and
plant functioning (Scott et al. 2014).

In MTC regions, diverse trait combinations have evolved to address fundamental
constraints of water limitation but also take advantage of the large ecohydrological
diversity within chaparral dominated ecosystems. Drought adaptation strategies
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among chaparral species are diverse and include strategies that look to maximize
one or combinations of vulnerabilities to cavitation, sapwood capacitance, decidu-
ousness, photosynthetic stems, photosynthetic responses to leaf water potential, and
hydraulic architecture (Ackerly 2004; Pivovaroff et al. 2016). Within chaparral eco-
systems, many distinct plant community associations can be identified in addition to
the dominant shrubs including grass, conifer forest, and riparian communities.
These individual communities also vary in height, leaf, and rooting depth of the
dominant organism. In addition, subdominant plant species also contribute to func-
tional diversity of plant traits. For example, shrub communities have a breadth of
plant heights spanning low growing herbs and taller trees and are characterized by
long-lived leaves and low rates of photosynthesis. In contrast, many other inter-
stitial members of the plant community, including annual grasses, have much
shorter-lived leaves and higher rates of photosynthesis. Chaparral species also
express extensive variation in rooting depth (Ichii et al. 2009), ability to form sym-
bioses allowing N fixation (Delwiche et al. 1965), and resprouting capacity after a
fire (Bell 2001). Together the combinations of different traits contribute to diverse
biogeochemical dynamics in chaparral ecosystems.

6.2.4 Ecohydrological Self-Organization and Chaparral
Biogeochemical Cycling

In the context of the biogeophysical drivers, a system of ecohydrological processes
and non-linear feedbacks can mute or amplify environmental sensitivities through
processes whose outcomes cannot be understood through independent evaluation of
the parts. This “self-organizing” (for a general introduction see Levin 2000) process,
for example specific trajectory of hydrologic flow-paths, species distributions, and
fire dynamics, lead to complex biogeochemical dynamics spanning scales of indi-
vidual site to entire chaparral landscapes. Variation in chaparral biogeochemical
cycling and potential future trajectories are defined by both dynamics of individual
component processes and system level feedbacks and interactions. Systems are
understood through a web of inter-connected relationships between many distinct
components, where the connections between components can be as important as
dynamics of individual components. Feedbacks, resulting from the web of inter-
connected relationships between many distinct system components (Ashby 1956;
Forrester 1961), are important aspects of system dynamics that can both magnify
changes through positive feedbacks or moderate change through negative feedbacks.
Feedbacks can lead to emergent properties through self-organization of a system in
concert with its environment (Wu and Loucks 1995; Levin 1998; Holling and
Gunderson 2002). Through self-organization biogeochemical dynamics are not pre-
dictable from individual component processes in isolation. Recognition of the
importance of emergent properties has increased with growing evidence of alterna-
tive stable states and tipping points between regime changes occurring within eco-
systems (Scheffer et al. 2001; Scheffer and Carpenter 2003), where a system can
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rapidly change between contrasting configurations. These “state changes” occur
with only limited changes in the environment at a critical threshold, while otherwise
the system is largely insensitive to environmental variation away from such thresh-
olds. Thus, for the same underlying biogeophysical drivers contrasting biogeochem-
ical patterns can develop in response to ecohydrological dynamics and historical
legacies. Evaluating biogeochemical variation in the context of self-organization
systems theory provides both a framework for identifying the relationships between
discrete components and examining dynamics spanning from of steady-state stabi-
lizing mechanisms to self-organized and adaptive responses to the environment that
can lead to large and potentially rapid changes in biogeochemical dynamics.

Self-organizing ecohydrological processes that influence chaparral biogeochem-
ical variation are primarily associated with changing geomorphological processes,
ecological processes, and in the context of high rates of endemism within chaparral
evolutionary processes (Jenerette et al. 2012). Geomorphological processes occur in
the context of changes in underlying geophysical and climate drivers and the char-
acteristics of precipitation and meteorological dynamics. Geomorphological pro-
cesses contribute to the rugged topography of chaparral ecosystems and influence
water storage and movement as well as soil formation and transport. The influence
of aspect in response to geomorphology has a strong influence on biogeochemical
cycling, with wetter north-facing slopes typically harboring more biomass than cor-
responding drier south-facing slopes (Parker et al. 2016). Hydrologic routing can
also have strong influences on soil biogeochemical dynamics, where locations with
large amounts of upslope contributing area, such as riparian areas, are often wetter
than locations with low upslope contribution areas, such as ridges (Riveros-Iregui
et al. 2012). Geomorphological dynamics are further coupled with plant and micro-
bial communities that influence chaparral biogeochemical dynamics through eco-
logical and evolutionary changes. Ecological dynamics lead to assembly of
communities and distribution of functional traits. The resulting ecological interac-
tions between biotic communities and abiotic environment, structure nutrient cycles,
disturbance, and physical organization can have large influences on biogeochemical
dynamics. Interactions among traits and ecosystem feedbacks can further influence
biogeochemical cycling, imposing constraints to processes varying in space and
time and directly influencing rates of nutrient transformation.

Disturbance dynamics, especially in context of fire, can rapidly change commu-
nity composition and capacity. Fire distributions are closely related to self-
organizing processes associated with fuel load accumulation and decay. Fire
frequency distributions often follow power-law distributions distinct from the distri-
butions of the drivers of fire occurrence, a key characteristic of self-organization
processes (Malamud et al. 1998). Fire has long been associated with chaparral as a
major disturbance that resets the ecosystem and maintains shrub dominated com-
munities. By burning biomass, litter, and topsoil, fires emit a large amount of par-
ticulate material that can have relatively high carbon content of variable chemical
composition. Intense burning of biomass coupled with high burn temperatures
results in greater transportation and transformation of nutrients. While all fires alter
nutrient cycling in chaparral, the extent to which nutrient transformations occur
depends on the fire severity, extent, and return interval. Notably, if seedbanks are not
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destroyed, high severity fires can induce germination of many chaparral seedlings
and promote quick recovery times of native herb and shrub species, allowing nutri-
ent storage to begin again (Thanos and Rundel 1995).

6.2.5 Historical Legacies and Their Influence on Chaparral
Biogeochemistry

Arising from dynamics of biogeophysical drivers and ecohydrological self-
organization are legacies of past processes that can further influence chaparral bio-
geochemistry. Historical ecosystem legacies are processes that occurred in the past
and have a discernable influence on current ecosystem functioning, including biogeo-
chemistry. Disturbances, such as fire, are prominent events whose legacy on ecosys-
tem functioning has immediate consequences (Moreno et al. 2013) and can propagate
for decades. Much of the biogeochemical sensitivity to precipitation variation such as
timing and distribution, reflects an influence of precipitation legacies from individual
events to potentially decadal temporal scales on ecosystem functioning (Scott et al.
2009; Shen et al. 2016). For example, the length of time between precipitation events
is a direct quantification of legacy effects. Such effects can propagate across seasons
and between years, with increasing moisture in wet years potentially priming produc-
tion or reducing nutrient availability (Jenerette et al. 2010; Shen et al. 2016). At inter-
decadal scales, variation in precipitation may influence ecosystem C storage and
elevate rates of C loss in subsequent dry periods (Scott et al. 2009; Shen et al. 2016).
However, our understanding of how historical legacy effects influence chaparral bio-
geochemical cycling is currently limited and more research is needed.

6.2.6 Synthesis of Variation in Chaparral Biogeochemical
Cycling

The magnitudes of material storage, transformation, and loss associated with bio-
geochemical cycling in chaparral vary dramatically in response to both differences
in biogeophysical drivers, ecohydrological self-organization, and the influence of
historical legacies (Fig. 6.1). Biogeochemical variation in chaparral ecosystems is
high at both local and regional scales (Chatterjee and Jenerette 2011; Dahlin et al.
2013). The suite of biogeophysical drivers associated with below-ground geology,
above-ground climate, and a diverse suite of biological species all provide con-
straints and capacities for biogeochemical dynamics. These drivers intersect with
self-organizing ecohydrological processes that influence geomorphology, ecology,
and evolutionary dynamics that have a strong direct influence on chaparral biogeo-
chemical cycling. Historical contingencies arising from both dynamics of biogeo-
physical drivers and ecohydrological self-organization further impose constraints to
biogeochemical cycling. A recurring thread through these processes is the resulting
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distribution and sensitivities to soil moisture conditions. In general, greater mois-
ture availability, either through greater inputs from winter rains or reduced evapora-
tive demands, will be associated with greater biogeochemical pools.
Microenvironments created by geomorphology and organismal effects can contrib-
ute to variations in total pools of C, N, and other elements and fluxes. Interacting
drivers on biogeochemical variation can be complex with non-linear effects that
have large uncertainties. Recently, and increasingly in the future, anthropogenic
influences are altering the dynamics of biogeophysical drivers, ecohydrological
self-organization, and leaving legacies that may remain for millennia.

6.3 Key Biogeochemical Cycles in Chaparral: Carbon
and Nitrogen

6.3.1 Overview of Biogeochemical Dynamics

Biogeochemical dynamics of chaparral ecosystems are characterized by continuous
and discontinuous responses to environmental conditions, known as pulse dynam-
ics, which are both associated with soil moisture variation. A biogeochemical pulse
occurs when wetting of previously dry soil acts as a trigger for biogeochemical
processes and then subsequent dynamics are decoupled from soil moisture avail-
ability but depend on subsequently limiting resources and biological capacity. Rates
of biogeochemical cycling decline with lower water availability and through direct
desiccation and reduced rates of resource supply to microbes. In contrast, higher
water availabilities can also reduce biogeochemical cycling through reduced oxy-
gen availability. Biogeochemical cycling may respond to isolated precipitation
events that act as a trigger, but then subsequent dynamics may be then regulated by
substrate availability and lead to a decoupling of biogeochemical dynamics from
actual moisture availability. Pulse dynamics are frequently observed in dryland eco-
systems and are particularly relevant to chaparral dominated landscapes (Baldocchi
et al. 2006; Jarvis et al. 2007; Jenerette and Chatterjee 2012). Because of pulse
dynamics and the importance of wetting dry soils, small precipitation events can
have disproportionately large influences on soil biogeochemical cycling and thus
the timing and distribution of wetting is also important in addition to the total
amount of precipitation (Huxman et al. 2004; Jenerette et al. 2008).

Another overarching influence on chaparral biogeochemical dynamics is the dis-
tinct characteristic time-scales between microbial and plant dynamics, with micro-
bial dynamics changing much faster than plant dynamics. These contrasts are most
evident in pulse dynamics, where microbial processes may respond within hours
and much more dramatically than plants, which typically respond at the scale of
days. As a consequence, rain in summer seasons or the initiation of winter season
precipitation may have a much larger influence on chaparral soil-driven biogeo-
chemical cycling than wetting patterns favoring plant growth (Miller et al. 2005;
Jenerette and Chatterjee 2012). The contrasting influence of microbes and plants on
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nutrients can lead to complex dynamics that appear to favor nutrient losses and
recycling simultaneously, in contrast to general ecosystem expectations.

In the context of the drivers and processes influencing chaparral biogeochemical
dynamics, C and N cycles are closely connected to many ecosystem processes and
are directly related to multiple ecosystems services, including climate regulation
and provisioning of clean water. These two cycles include components of biomass
accumulation, photosynthesis, and what is commonly considered its main limiting
nutrient following water, N. Likewise, C availability can influence some N cycling
pathways and thus leads to two-way coupling between biogeochemical cycles and
opportunities for feedbacks.

6.3.2 Carbon Cycling in Chaparral Ecosystems

Within an ecosystem many transformations of C occur between its initial fixation
and eventual return to the atmosphere. In chaparral dominated ecosystems, C
cycling features uptake through photosynthesis, transformations within the ecosys-
tem, and losses through respiration with opportunities for deposition or erosion to
bring new C into, or remove it from, the ecosystem (Fig. 6.2, see Box 6.1). Dominant
pools of C include soil and plant components, with additional C contained in litter.
The identification of long-term C sequestration, or positive Net Ecosystem
Production (NEP), has become increasingly of interest, as a result effort has been
directed to identifying mechanisms that promote the stabilization of C and prevent
the return of C to the atmosphere as a greenhouse gas (GHG).

C uptake at the leaf is the point of entry of C into chaparral ecosystems. The total
amount of photosynthesis, or gross primary production, is regulated by physical and
biochemical characteristics of individual leaves and their extent and distribution
within an ecosystem. Plants also respire C and the balance between photosynthesis
and respiration is Net Primary Production (NPP) or the amount of plant growth. In
response to regular water limitation, root allocation is a large component of plant C,
which leads to deeper C inputs into the soil. Recent interest has been directed to C in
plants that is readily mobilized and not used in structures, such as plant Non-Structural
Carbohydrates (NSC) (Dietze et al. 2014). Increasing evidence from many woody
plants suggests increasing NSC content is linked to increased growth, seed produc-
tion, disease resistance, and drought resistance. Within some chaparral shrubs plant
age may have a role in the distribution and allocation rates of the NSC pool (Sparks
et al. 1993), however the dynamics and distribution of chaparral NSC is an emerging
research need.

The transfer of plant C to soil heterotrophs and potential long-term sequestration
occur through several pathways associated with both structural and non-structural
C. Leaf and stem litter drop to the soil surface. Root death and root exudates provide
plant C within the soil. The litter itself can be directly consumed or incorporated
into the soil. In MTC ecosystems, as in most dryland ecosystems, processes of litter
decomposition may be greatly accelerated by UV induced photodegradation (Austin
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Fig. 6.2 Synthesis of existing literature reporting pools and fluxes of C in chaparral dominated
ecosystems. The values are not exhaustive but represent an initial review of the range of variation
in key C cycle pools and fluxes. All pools (above-ground biomass, root biomass, soil, litter are in
units g C m= All fluxes (litter mineralization, litter fall, NPP, root respiration root growth litter
incorporation into soil) are in units g C m~! year~!. Units are re-scaled for comparison amongst
different studies when units differed. Data were derived from published results (Harrison et al.
1971; Rundel and Parsons 1979; Mooney and Rundel 1979; Gray and Schlesinger 1981; Dunn
et al. 1988; Ulery et al. 1995; Quideau et al. 1998; Miller et al. 2005; Li et al. 2006; Smith et al.
2007; Griinzweig et al. 2007; Pasquini and Vourlitis 2010; Drenovsky et al. 2013; Dickens and
Allen 2014; Homyak et al. 2014; Hanan et al. 2016a; Vourlitis and Hentz 2016)

and Vivanco 2006; Gliksman et al. 2017). However, with a frequently closed can-
opy, the availability of UV at the litter layer may be limited. Living plant C and litter
C can have turnover times of seasons to decades. In this sense, increasing C in living
biomass or rapidly cycling litter may represent a short-term C sink—this C is pri-
marily respired and does not contribute to long-term C sequestration. Stabilization,
the conversion of organic C to a form highly resistant to decomposition, may have
low rates but contribute to long-term C sequestration (Six et al. 2002). C stabiliza-
tion can occur through physical and chemical processes, such as the formation of
soil aggregates or humification. Through aggregate formation, soil C is physically
protected within the soil matrix such that it is inaccessible to microbial degradation
(Schmidt et al. 2011). Humification, conversion of soils along a continuum from
chemically simple to large and complex organic molecules, is an alternate pathway
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of ecosystem C stabilization (Lehmann and Kleber 2015). Sequestration rates may
be influenced by vegetation, as chaparral communities dominated by Ceanothus
spp. sequestered more C than Adanostoma spp. dominated chaparral (Ulery et al.
1995; Quideau et al. 1998).

Fires have immediate and legacy effects on chaparral C cycling. Fire itself results
in an immediate loss of C from the ecosystem, primarily as a fraction of above-
ground plant biomass, litter, and organic C in the upper horizons of the soil. C losses
from fire include particulate material and a variety of C trace gasses including CO,,
CO, and CH,. Recently fire mediated charcoal production has been noted as a poten-
tial sequestration pathway, which converts comparatively labile plant C forms with
residence times of decades to centuries to a form with residence times of millennia
or longer (Heckman et al. 2013). Incompletely burned plant C can be returned to the
litter layer and soil as black carbon, which can be highly stabilized and serve as an
important pathway of long-term sequestered C. May et al. (2014) propose that chap-
arral fires emit the highest amounts of refractory black carbon compared to other
ecosystems, further supporting the potential for this pathway for chaparral ecosys-
tem to sequester C. Further, periodic fires may also increase the rate of soil C inputs
within chaparral communities by producing large quantities of wood ash and
charred woody material from which carbon in the form of calcite readily leaches
into the soil (Ulery et al. 1995). Fire can lead to short-term reductions in soil C,
although these can return to prefire levels within a year (Graham et al. 2016). While
fire does lead to immediate losses of C through combustion, the long-term conse-
quences of fire may primarily serve as mechanism for C sequestration. Thus, while

Box 6.1 Case Studies of Chaparral Carbon Dynamics

At present, the majority of information about chaparral has been obtained
from widely distributed individual studies and concerted evaluation of specific
sites and landscapes. The Deep Canyon transect in southern California, which
spans a 2500 m (8202 ft) elevation gradient has been used for more than 4
decades of research in soil biogeochemistry across a transect of chaparral veg-
etation bounded at the lower end by a creosote dominated desert ecosystem
and at the higher end by coniferous dominated subalpine forests (Hanawalt
and Whittaker 1976; Jenerette and Chatterjee 2012). Exploring the local and
regional variation in chaparral soil C emissions was the focus of a series of
studies conducted along this transect. With increasing elevation, the climate is
characterized by decreasing temperatures and increasing precipitation. Soil
organic matter and nutrient content in the chaparral components of the transect
generally increase with elevation (Hanawalt and Whittaker 1976; Chatterjee
and Jenerette 2015). The spatial structure of soil organic matter and soil CO,
emissions also changes throughout the transect. The microenvironment effects



154 G. D. Jenerette et al.

of local shrub canopies on distributions of organic matter, C, and CO, emis-
sion potentials decrease in magnitude, but increase with higher elevations
(Chatterjee and Jenerette 2011). Throughout the transect, maximum rates of
soil CO,emissions from laboratory incubations were consistently above 35 °C
and in chaparral ecosystem were above 45 °C. While soil C emissions gener-
ally increased with elevation, the pulse sensitivity of CO, emissions to wetting
generally decreased with elevation, which led to a large scale negative rela-
tionship between soil C and pulse emissions. However, within sites at the same
elevation, soil C emission pulses were positively related with soil C and pulse
emissions. Thus, across an elevation gradient in chaparral dominated ecosys-
tems a contrasting scale-effect of C and pulse dynamics were observed
(Jenerette and Chatterjee 2012). This case study, demonstrates the large varia-
tion in chaparral biogeochemistry and the varying potential of pulse driven
biogeochemical fluxes.

A second case study of chaparral C cycling examines whole ecosystem
fluxes and net ecosystem C exchange within a single site in southern California.
The Sky Oaks field station, featuring both old-growth chaparral and some
recently burned areas, has served as a model system of chaparral with several
connected long-term studies into C cycling. An evaluation of this well-studied
site presents a valuable lesson about the complexity of chaparral C cycling.
Data from the Sky Oaks site provides the most comprehensive evaluation of
chaparral ecosystem C cycling variation and has led to improved understanding
of the distinct controls on chaparral biogeochemical dynamics and the large
variability of C in chaparral ecosystems. In an old-growth area at Sky Oaks,
whole ecosystem CO, exchanges known as Net Ecosystem Exchange (NEE),
have been measured through the eddy covariance approach and showed high C
uptake rates, up to 155 g C m2 year~! (Luo et al. 2007). These rates are com-
parable with uptake rates of other old-growth forests distributed globally.
However, in dry years NEE led to no uptake or even net emissions back to the
atmosphere at the annual scale. Within years, whole ecosystem C exchange
showed large daily variation, spanning effectively 0 g C m? to above
4.5 g Cm~2 year~! in two distinct chaparral communities (Stylinski et al. 2002;
Sims et al. 2006). Spatially mapping CO, fluxes suggests equally large spatial
variation within local landscapes of chaparral dominated ecosystems (Fuentes
et al. 2006). The complex temporal and spatial dynamics of chaparral C at this
single site highlights both the large potential for C uptake, especially from old-
growth stands, to net emissions depending on moisture availability. While
likely other chaparral communities show similar magnitudes of variation in C
exchanges, the Sky Oaks site provides a novel window into C dynamics through
the long-term records that are not available elsewhere.
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typically fire is associated with large emissions of C from an ecosystem, perhaps
surprisingly fire may also be associated with long-term sequestration of C into
highly recalcitrant C or black C. The mechanisms of organic C transformation into
long-term stable forms are highly uncertain and are a current area of active research
(Stewart et al. 2008; Schmidt et al. 2011).

6.3.3 Nitrogen Cycling in Chaparral Ecosystems

While N is the most abundant element in the atmosphere it occurs in the highly
stable form of dinitrogen (N,, Schlesinger and Bernhardt 2013). Reactive N that can
be used by organisms is comparatively scarce. As with many dryland ecosystems,
chaparral productivity and many biogeochemical processes have been historically
considered secondarily N limited after water limitation. N limited systems are char-
acterized by several factors promoting nutrient conservation, including long leaf
life-times, nutrient-poor sclerophyllic tissues, and nutrient resorption during senes-
cence. The resulting low-quality litter increases N immobilization during decompo-
sition and lower rates of mineralization. Slow soil cycling of N and increased losses
contribute to poor soil fertility and tighter N recycling within plants. For example,
many evergreen chaparral shrubs uptake N during the fall or winter and store in old
tissues for new growth in the spring (Mooney and Rundel 1979). Internal cycling
and outputs reflect processes associated with N limitation, although they also sug-
gest processes, including potential for high rates of N losses that contrast with pre-
dictions of N limitations (Fig. 6.3). Resolving this apparent dichotomy has been an
important source of recent progress in chaparral biogeochemistry.

Inputs of reactive N, including mineralized and organic forms, are a key step in
chaparral N cycling. Reactive N constitutes the pools of N critical to ecosystem
dynamics and is distributed through many pools in chaparral dominated ecosystems
analogous to C pools (Fig. 6.3). An important source of chaparral N is the direct
conversion of N, into the bioavailable form of ammonia (NH;") through the process
of nitrogen fixation, mainly through the action of symbiotic bacteria and to a lesser
extent by free-living bacteria or lightning. Several chaparral species, including
Ceanothus spp., western redbud (Cercis occidentalis), desert false indigo (Amorpha
Jruticose), and chaparral pea (Pickeringia montana) form N fixing symbioses and
contribute to N inputs to chaparral ecosystems (Delwiche et al. 1965; Ulery et al.
1995). N fixation in addition to atmospheric inputs, which have historically been
low but are now elevated for many chaparral ecosystems, set the stage for chaparral
N biogeochemical cycling. Rates of N deposition to chaparral ecosystems can vary
widely and may depend on both atmospheric concentrations of reactive N as well as
endogenous factors of species traits and biomass. For the same atmospheric reactive
N concentrations, deposition increases with both increases in leaf-specific deposi-
tion velocity and increased leaf area (Bytnerowicz et al. 2015). Thus, while atmo-
spheric reactive N concentrations contribute to N inputs, ecosystem processes
including fixation and deposition also have roles in determining N inputs.
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Deposition 0.1-3.5
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Fig. 6.3 Synthesis of existing literature reporting pools and fluxes of N in chaparral dominated
ecosystems. The values are not exhaustive but represent an initial review of the range of variation
in key C cycle pools and fluxes. All pools (above-ground N, root N, soil, litter N, are in units
g C m~2. All fluxes (litter ammonification, nitrification, immobilization, denitrification, leaching
are in units g C m~! year™'. Units are re-scaled for comparison amongst different studies when units
differed. Data were derived from published results (Kummerow et al. 1978; Mooney and Rundel
1979; Gray and Schlesinger 1981; DeBano et al. 1984; Riggan et al. 1985; Bytnerowicz et al.
1987; Ulery et al. 1995; Fenn et al. 1996; Quideau et al. 1998; Fenn et al. 2003; Miller et al. 2005;
Li et al. 2006; Meixner et al. 2006; Griinzweig et al. 2007; Pasquini and Vourlitis 2010; Vourlitis
and Fernandez 2012; Drenovsky et al. 2013; Dickens and Allen 2014; Homyak et al. 2014; Hanan
et al. 2016a; Vourlitis and Hentz 2016)

Following fixation or atmospheric inputs, if not directly incorporated into plant
biomass, NH;" is then converted to nitrate (NO;") via nitrite (NO,") in the two-step
process of nitrification carried out by aerobic chemoautotrophs. Both NH;*and
NO;™ are available for assimilation by plants and soil microorganisms into organic
matter. The process of mineralization returns organic N to plant and microbial avail-
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able N pools by converting soil organic matter back to ammonia. Simultaneously,
soil conditions in chaparral tend to be coarse-textured, quickly draining, and aero-
bic, with high base cation saturation and low organic matter, which generally lead
to high rates of nitrification in relation to mineralization (Fenn et al. 2003).
Nevertheless, in some sites, such as a coastal old-growth sites, low rates of net nitri-
fication have been observed (Hanan et al. 2016a) further highlighting the diversity
of chaparral biogeochemistry. Species traits, such as higher leaf N content and low
concentrations of secondary compounds, can increase N inputs to the soil and rates
of biogeochemical cycling through litter interactions with soil microbes. Some
shrubs (e.g., chamise [Adenostema fasciculatum]) promote higher concentrations of
nitrogenous compounds in soil than others (e.g., desert ceanothus [Ceanothus greg-
gii]), presumably because some shrubs cultivate nitrifying bacteria more than others
(Fenn et al. 1993).

Mineral N in the soil that is not immobilized in microbial or plant biomass may
be lost from the ecosystem primarily through leaching, volatilization, and trace-gas
emission. Nitrate is highly mobile in soil, and coupled with low rates of biotic activ-
ity during the winter rainy season, considerable leaching loss can occur. Nitrate
leaching becomes a significant form of N export from chaparral dominated ecosys-
tems at deposition rates above 25 kg N ha~! year~! (Fenn et al. 1996). While leach-
ing is relatively low in undisturbed and unpolluted chaparral, losses are generally
highest following the first winter rains. N can also be lost to the atmosphere through
the process of denitrification where oxidized nitrogen is used as an alternative elec-
tron donor in heterotrophic anaerobic respiration resulting in the sequential produc-
tion of nitric oxide (NO), nitrous oxide (N,O) and N,. The emissions of NO and N,O
are conceptualized by the hole-in-the-pipe model developed by Firestone and
Davidson (1989), where the size of the pipe describes the total amount of nitrogen
moving through the system and the “holes” in the pipe represent the relative amount
of NO or N,O lost through gaseous production. The hole size is controlled mainly
by soil water content, influencing both oxygen availability and diffusion of gases
from the soil, facilitating production or consumption. NO and presumably N,O
emissions from chaparral soil are generally are low but can be large upon wetting of
dry soils (Homyak and Sickman 2014).

Fire can lead to immediate N losses to the atmosphere and have longer term
influences on chaparral N biogeochemistry. Following fires, stream export of N can
be elevated up to 40 times that of unburned areas (Riggan et al. 1994), suggesting
both increased mobility of N and reduced plant uptake. In the first growing season
after fire, new leaf and stem growth contains higher N content than growth before
fire or in subsequent growing seasons owing to higher mineral N availability in the
soil (Franco-Vizcaino and Sosa-Ramirez 1997). Spikes in nitrogen can also induce
germination of certain chaparral seeds postfire (Thanos and Rundel 1995; Keeley
and Fotheringham 1997). However, elevated N cycling has been shown to dissipate
within 7 months of the fire (de Koff et al. 2006). High severity fires can also result
in higher emissions of volatilized N, NO, and N,O into the atmosphere (DeBano
and Conrad 1978). Although soil N is reduced postfire, burned biomass can lead to
a spike of soil NO;~ (Christensen 1973). This spike subsequently increases nitrifica-
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tion rates and results in a net loss of N from chaparral systems as NO, and N,O
emissions into the atmosphere and NO;™ into streamflow. Char legacies from previ-
ous fires may increase rates of N immobilization into microbial biomass (Hanan
et al. 2016b). As with soil C, fire can lead to short-term reductions in soil N, which
also can return to prefire levels within a year (Graham et al. 2016).

Because chaparral exists under the unique constraints of a Mediterranean-type
climate, soils are subject to long periods of hot and dry conditions. As a conse-
quence of this regular drying, pulse-driven dynamics can also contribute to nitrogen
cycling and associated losses via leaching and trace-gas emissions (Fierer and
Schimel 2002; Miller et al. 2005; Oikawa et al. 2015; Liang et al. 2016). Soil C and
N accumulate during the dry summer months when microbial and plant activity is
limited by soil moisture. Precipitation results in a large flush of C and N resources
that can produce a substantial pulse in soil gaseous emissions. These wetting-
induced pulses can contribute to the annual budget of C and N chaparral in arid
systems. For example, NO emissions from chaparral ecosystem can be large,
exceeding 350 ng m™ s~! compared to unwetted values in the summer (near zero)
(Homyak and Sickman 2014). Thus, in contrast to an expectation of N limitation,
the potential for chaparral ecosystems to also exhibit high N leakiness, typically
associated with N saturation, is also evident (Fenn et al. 1996; Homyak et al. 2014).

The potential for high N losses have led to revisions of standard ecosystem con-
cepts of nutrient limitation and nutrient saturation in chaparral dominated ecosys-
tems. Microbial activity can more rapidly immobilize N at the beginning of the rain
season, but plant uptake can outcompete microbial nitrogen cycling towards the end
of the rain season, resulting in a transition from nitrogen loss to nitrogen retention
(Homyak et al. 2014, 2016). The often low N input rates and presence of N conserv-
ing strategies by chaparral communities, including plant nutrient reabsorption, litter
N immobilization, deep rooting, and supporting N fixation, which conserve N within
chaparral ecosystems, suggests N limitation. In contrast, the regular large emissions
suggest N saturation. Working towards a more comprehensive theory of ecosystem
N cycling that allows for simultaneous indicators of both N limitation and saturation
has been a source of recent interest. Recent findings suggest N cycling rates and the
importance of immobilization and loss pathways may dominate following initial
rain at the beginning of the winter season but then plant activity immobilizes N later
in the season with the initiation of plant growth (Homyak et al. 2016).

In addition to the nutrient consequences for chaparral ecosystems, N losses to
gaseous production of NO and N,O can have multiple environmental consequences.
NO contributes to the production of ozone, representing a significant health concern
for people and plants and contributes to acid rain and N redeposition to other eco-
systems. N,O is a potent greenhouse gas, which is ~300 times more effective than
CO, at depleting ozone in the upper atmosphere. NO;™ losses to streamflow can lead
to deterioration of downstream water quality (Fenn et al. 1998). In addition, many
of the chaparral ecosystems in California, primarily inland areas, are subjected to
elevated rates of anthropogenic nitrogen deposition, leading to stream eutrophica-
tion, and the hydrologic export of nitrate, all of which are indicative of nitrogen
saturation in these systems.
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6.4 Anthropogenic Influences and Future Trajectory
of Chaparral Biogeochemistry

6.4.1 Nitrogen Deposition and Chaparral Biogeochemistry

Anthropogenic activities have resulted in inputs of N into natural ecosystems that
have surpassed biological fixation (Galloway et al. 2008). In the western United
States and the regions of chaparral dominated ecosystems in North America, the
largest sources of N deposition are transportation, agriculture, and industry, typi-
cally resulting in deposition rates of 1-4 kg N ha~! year~! (Fenn et al. 2003). This
number can be as high as 30-90 kg N ha~! year~! in chaparral dominated communi-
ties near urban and agricultural areas (Fenn et al. 2003; Bytnerowicz et al. 2015).
This dramatic increase in N deposition can result in extensive consequences to
chaparral ecosystems, such as species composition shifts, soil acidification, and
eutrophication of aquatic systems (see Box 6.2). In southern California, which
experiences some of the highest rates of N deposition in North America (Bytnerowicz
et al. 2015), research has linked N deposition with an increase in the establishment
of non-native annual plant species and consequently, greater risk of fire (Fenn et al.
2003; Rao et al. 2010). While N deposition can lead to increases in chaparral eco-
system C and N pools (Vourlitis et al. 2007b), the effects are complex. Critical loads

Box 6.2: Case Study of Nitrogen Fertilization Experiment

One of the most comprehensive and long-term evaluations of the effects of
experimental N fertilization to shrublands of southern California, including
the chaparral dominated Sky Oaks field site, has been conducted by Vourlitis
and colleagues (Vourlitis et al. 2007a; Vourlitis and Hentz 2016) (Fig. 6.4).
This experiment has shown complex biogeochemical responses to high rates
of N amendments that continue to change over more than a decade of N addi-
tions (Vourlitis and Hentz 2016). Immediately following N amendments, large
increases in mineral N was observed (Vourlitis et al. 2007a), however the min-
eral N increases did not translate into immediate changes to total ecosystem N
or C content. Several complex biogeochemical pathways lead to multiple indi-
rect responses to N addition in chaparral dominated ecosystems (Vourlitis and
Fernandez 2015). For example, soils from the experimental plots showed pat-
terns of reduced rates of litter decomposition and N demand, which may affect
C storage and N availability following increased N deposition (Biudes and
Vourlitis 2012). Alternatively, increases in N trace gas emissions following N
deposition may reflect an elevated N loss pathway counteracting the effects of
N deposition to the ecosystem (Vourlitis et al. 2015). The high N leakage
potentials determined from laboratory incubations are consistent with find-
ings after 4 years following of N additions that no changes in either ecosystem
C inputs or N storage was observed (Vourlitis et al. 2009).
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Fig. 6.4 Sky Oaks Field Station, location of nitrogen addition experiment plots taken from
drone at 15 m high (49 ft) in Fall 2016. Photo by George Vourlitis

Overlaying the experimental manipulation, the effects of N addition on
biogeochemical cycling was strongly coupled to precipitation patterns, with
greater effects observed in wetter years further complicated by historical legacy
effects (Vourlitis 2012). After 4 years of fertilization, increases in above-ground C
and N were observed and the ecosystem continues responding to N additions up
to a decade following N amendments (Vourlitis and Hentz 2016). Throughout this
period, N loss pathways were also elevated, again highlighting the complex N
dynamics in chaparral ecosystems that show characteristics both of N limitation
and N saturation. Further examination of plant leaf and hydraulic responses have
shown large differences among species in their responses, with nitrogen addition
leading to increased leaf N content and increasing hydraulic conductivity, stomatal
conductance, and leaf carbon isotopic composition while decreasing wood density
in several species (Pivovaroff et al. 2016). These plant responses to nitrogen
generally increase photosynthetic rates and water movement through the organism
and have clear implications for ecosystem drought sensitivity and may influence
future community assembly. This prediction has been supported through recent
findings of species shifts in response to fertilization and increasing the potential of
non-native grass invasion (Pasquini and Vourlitis 2010; Vourlitis 2017). This long-
term experiment shows that even after a decade of elevated N, chaparral dominated
ecosystems can continue exhibiting dynamics of both N limitation, through
positive effects on C accumulation, and N saturation, through high potential rates
of N leakage. Future biogeochemical trajectories may depend on community
reorganization dependent on nutrient availability and drought tolerances.
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of N deposition for chaparral have been assessed at 10 kg N ha! year™! for small
catchments (4—10 ha or 9.9-24.7 acres) and 14 kg N ha~! year™! for intermediate and
large catchments (>10 ha or 24.7 acres) (Fenn et al. 2010). Currently, ~15% of chap-
arral land area in California is in exceedance of 10 kg N and 3.3% of chaparral land
for the 14 kg N thresholds. In contrast, if a critical load of 5.5 kg N ha~! year™! is
used, the level identified leading to a shift in chaparral lichen communities to eutro-
phic communities, then 53% of chaparral areas exceed this threshold (Fenn et al.
2010). The impact of changes in N can be seen in the modification of lichen com-
munities which experience an increasing dominance by nitrophytes. Increases in N
deposition have been associated with more than three orders of magnitude greater
NO;~ export from chaparral ecosystems (Riggan et al. 1985), with stream [NO;™]
reaching 1120 pmol. L' from catchments dominated by chaparral in a high deposi-
tion region after a recent fire (Riggan et al. 1994) compared to very low detection
levels in pristine streams. While chaparral communities are historically considered
resistant to the effects of atmospheric pollution (Allen et al. 2005a; Vourlitis and
Pasquini 2009), increased atmospheric N deposition may significantly alter the soil
chemistry, resulting in a modification of the competitive balance between chaparral
shrubs and non-native herbs (Rao et al. 2009; Fenn et al. 2010; Vourlitis 2017). The
effects of increased deposition can influence the biogeophysical drivers of chaparral
and further influence self-organizational processes within the ecosystem.

6.4.2 Grazing and Chaparral Biogeochemistry

The influence of grazing on C and N has long been recognized. Studies of grazing
in chaparral indicate that soil C and N contents can be significantly reduced by graz-
ing (Brejda 1997; Milchunas 2006). Grazing induced C and N reductions are con-
sistent with other disturbances such as fire. Nevertheless, grazing has also, in some
cases, been found to increase soil C and N (Brejda 1997), contributing to the bio-
geochemical diversity of chaparral dominated ecosystems. Grazing-induced
changes in soil N and C primarily occur in litter and surface soil layers due to inter-
ception of foliage by grazers before leaf senescence (Severson and DeBano 1991).
However, studies of grazing associated reductions in soil N undertaken in chaparral
shrublands in Arizona found reductions were greatest under the canopy of nitrogen-
fixing Ceanothus shrubs than under other shrubs, likely due to preferential browsing
of that taxa by goats and other grazers (Sidahmed et al. 1981; Knipe 1983; Severson
and DeBano 1991). While goats typically exhibit grazing preferences similar to
native grazers and cattle (Milchunas 2006), the preferences of different grazer spe-
cies can differ substantially, with some grazing heavily on Ceanothus (Knipe 1983).
Thus, the effects of grazing on N fixing species, and associated impacts on N cycling
and storage, may depend on the preferences of local ungulates.

In addition to the direct impacts on soil chemistry through browsing and litter
reduction, heavy grazing has been observed to reduce shrub cover while also pre-
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venting colonization of the subsequent bare soil by perennial forbs and grasses. In
the absence of this re-colonization, previous shrub cover is converted to an annual
dominated cover that is more capable of withstanding heavy grazing pressures
(Severson and DeBano 1991). Nevertheless, examination of different levels of graz-
ing in a watershed in Arizona detected no difference in runoff or erosion (Rich and
Reynolds 1963). Thus grazing can have direct influence on above-ground C and N
pools through consumption, and may have multiple indirect effects through changes
in soil structure and plant species composition. Yet, many aspects of chaparral bio-
geochemistry may be resilient to grazing. The diversity of chaparral responses to
grazing may depend on moisture availability, topography, local species characteris-
tics, and historical legacies.

6.4.3 Fire and Chaparral Biogeochemistry

Fires and fire regimes are an interaction between biophysical drivers and ecohydro-
logical self-organization that creates potentially long-lived legacies. In recent times,
chaparral fires are influenced by human activities both through increased fire sup-
pression and ignition sources with a net effect of reducing the fire interval (Syphard
et al. 2007). More frequent fires can influence plant community composition by first
reducing the competitive abilities of obligate seeders compared to resprouters
(Franklin et al. 2005) which, in turn, may have large indirect effects on biogeo-
chemical cycling. In addition to the direct loss of biomass and litter pools through
burning, differences in fire history and fire characteristics can have large conse-
quences to chaparral biogeochemistry. Connected to fire, fuel management prac-
tices such as the creation of fuelbreaks and fire breaks are formed by crushing or
otherwise denuding strips of land of shrub cover (Green 1977), to slow fires and
facilitate access by firefighters and equipment into otherwise inaccessible areas.
Such disturbances can alter soil chemistry substantially. Firebreaks are also colo-
nized predominantly by non-native species and may then function as sources for
further invasion into adjacent areas, with a variety of impacts on local biogeochem-
istry (Zink et al. 1995; Keeley et al. 2005; Mayberry 2011; Syphard et al. 2014).

6.4.4 Land Use and Development

In recent decades, urban development has increasingly encroached on chaparral
landscapes (Syphard et al. 2007). The conversion and fragmentation of chaparral
has multiple implications, both due to the direct loss of chaparral habitat and due to
the downstream effects of developed landscapes on adjacent chaparral. As chaparral
habitat is developed, the removal of deep-rooted shrubs and replacement by largely
impermeable surfaces typically results in significant increases in runoff and storm-
water discharge (White and Greer 2006; Warrick and Rubin 2007, see Chap. 7).
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Ironically, urbanization can lead to some improvements in water quality, as sedi-
ment discharge often remains similar to pre-development levels, while water dis-
charge increases dramatically, thereby diluting suspended sediment loads (Warrick
and Rubin 2007). In addition, as housing development encroaches into chaparral
vegetation, the natural fire cycle has increasingly become a major hazard for human
safety and property loss (Rodrigue 1993), leading to a variety of management strate-
gies intended to mitigate risks to life and property (Gardner et al. 1987; Gill and
Stephens 2009). Many of these strategies may exacerbate the effects of such devel-
opment on native chaparral vegetation, and also impact the biogeochemistry of the
surrounding landscape through denudation and conversion of native vegetation,
leaching of heavy metals, and other processes.

Associated with encroaching urbanization into chaparral systems, is the creation
of roads for access and alternative evacuation routes in case of fire (Cova 2005).
Roads have been found to act as corridors for non-native plant species and increases
the susceptibility of adjacent areas to invasion (Lambrinos 2006; Davies et al. 2013),
which may in turn alter soil sequestration of both C and N. In addition, roadside
soils have been observed to exhibit increased deposition of reactive N owing to
automobile exhaust (Fenn et al. 1996; Rossi et al. 2015) as well as increased heavy
metal content (Rossi et al. 2015).

6.4.5 Atmospheric CO, Concentrations and Chaparral
Biogeochemistry

Another important influence on the biogeochemistry of chaparral systems is the
direct effect of rising CO, concentrations which not only influence climate but also
have a direct effect on many biogeochemical processes. To experimentally evaluate
C cycle sensitivities to CO, concentrations in chaparral dominated landscapes a
Free Air CO, Enrichment (FACE) experiment was established in 1995 at the Sky
Oaks field site (Roberts et al. 1998). Within 3.5 years, the chaparral ecosystems had
increased rates of CO, uptake and increased storage of soil C (Treseder et al. 2003).
The effect of increased CO, in particular led to increases in the C content of water
stable aggregates, which was hypothesized to have long turnover periods and form
a sequestration pathway. In contrast microbial turnover may have been faster and
potentially limited by N availability (Allen et al. 2005b). Nevertheless, after 6 years
of elevated CO,, a surprising result showed that increasing CO, concentrations led
to reductions in soil C content (Del Galdo et al. 2006). This response was associated
with decreases in the fraction of large particles within the soil, bound in part by
organic materials (macroaggregates) at the highest CO, levels, which implied
reduced physical protection of soil organic matter. Based on these findings, future
CO, atmospheric concentrations may impose a positive feedback from chaparral
soils as they will concomitantly increase emissions (Del Galdo et al. 2006; Trueman
et al. 2009).
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6.5 Potential Chaparral Type-Conversion
and Biogeochemical Cycles

Historically, much effort has been directed to type-converting chaparral either to
grass dominated communities for grazing or coniferous forest for timber harvesting
and more recently, a variety of factors are causing type-conversion of chaparral to
non-native grasslands. Evidence suggests these regime shifts of chaparral commu-
nities from shrub dominated to grass dominated may have a large influence on bio-
geochemical cycling (Park et al. in press).

Coniferous forests, while unlikely to encroach into chaparral under normal cir-
cumstances (Burns and Sauer 1992), have invaded into chaparral following exten-
sive fire suppression (Nagle and Taylor 2005; Lauvaux et al. 2016). Further, conifers
have been planted in areas dominated by chaparral after fires, primarily to increase
the area of conifer forest for future timber harvest on federal lands (Burns and Sauer
1992). Comparisons of soil C sequestration between chaparral and coniferous for-
ests have shown mixed conclusions regarding the effects of such vegetation conver-
sion on C and N storage. Some studies indicate chaparral sequesters more C and N
within the soil A-horizon than coniferous forests (Ulery et al. 1995). Similarly, com-
parisons of chaparral to oak or conifer dominated forests also found that chaparral
sequestered greater amounts of soil C and N than pine forests (Ulery et al. 1995;
Quideau et al. 1998). In contrast to these findings, other studies on shrublands in
Israel (Griinzweig et al. 2007) found far less above- and below-ground carbon
sequestration than pine and juniper forests. Evidence suggests a combination of
increased N use efficiency, enhanced Soil Organic Carbon (SOC) protection, and
reduced decomposition rates following an increase in forest species. This latter find-
ing implies the potential for increases in biogeochemical pools when chaparral
shrublands are converted to coniferous forests.

In contrast, the potential for non-native grass invasions is posing a much greater
threat to chaparral ecosystems. Although chaparral has historically been considered
resistant to plant invasions (Minnich and Bahr 1995; Allen et al. 2005b), increasing
drought intensity and anthropogenic disturbances such as altered fire regimes,
encroaching urbanization, and increased dissection of chaparral landscapes may
push many of these systems to tipping points of shrub mortality and possible type-
conversion to invaded grasslands (Hamilton 1997; Keeley and Brennan 2012;
Syphard et al. 2013; Meng et al. 2014). Roadsides, firebreaks, and other anthropo-
genic features within chaparral are also typically dominated by non-native herbs
(Zink et al. 1995; Giessow and Zedler 1996; Lambrinos 2006; Davies et al. 2013).
In the past, managers have attempted to forcibly convert chaparral to grasslands in
efforts to increase water yield, improve fire control, or increase grazing habitat
(Bentley 1967; Cable 1975; Anderson et al. 1976). These conversion efforts, com-
pleted through the extensive use of physical removal, active seeding, and chemical
application, have been somewhat successful and have now contributed to the inva-
sion of non-native annual grasses. Grazing has also been used as a mechanism to
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impose type-conversion of chaparral into grasslands (Knipe 1982, 1983; Severson
and DeBano 1991).

Conversion of coastal sage scrub (CSS) communities into non-native grasslands
has been documented to increase sequestration of both N and C (Wolkovich et al.
2010), in contrast, chaparral dominated communities have experienced substantial
reductions in soil C sequestration after type-conversion to non-native grasslands
(Williamson et al. 2004a). The reductions are in part associated with greater plant
cover and depth of rooting in chaparral species than grasses, along with different
phenology, and litter chemistry. Soil C reductions occur not only at soil depths
below the root horizon of the shallower-rooted grasses, but also in the shallower soil
layers in which grasses may be expected to deposit the majority of soil C. Such
increases in surface C may increase rates of decomposition through greater expo-
sure to photodegradation and sensitivity to small rainfall events.

In addition to reductions in C and N sequestration with the invasion of non-native
grasses, these grasses also intercept far less moisture than chaparral shrubs (Rowe
1963; Corbett and Crouse 1968; Williamson et al. 2004a) and do not capture water
at depths below their roots (Williamson et al. 2004b), which are shallow in compari-
son to many chaparral shrub species. As a consequence, chaparral sites have also
been observed to exhibit large increases in throughflow and downstream soil mois-
ture (Hibbert 1971; Davis 1984) as well as possible groundwater recharge
(Williamson et al. 2004b) after conversion into invaded grasslands. In aggregate, the
hydrologic effects of conversion can even convert streams from intermittent to
perennial (Orme and Bailey 1970). The increase in throughflow leads to reduced
water available for plants to use in conjunction with photosynthesis and can directly
reduce total ecosystem C inputs. Further, when coupled with a reduced ability of
grasses to anchor soils, invaded grassland invasion often leads to substantial
increases in erosion and soil slippage compared to intact chaparral (Rice et al.
1969). Increased erosion associated with the conversion of chaparral into grasslands
may further exacerbate the reduced ability of grass cover to sequester C into the soil
by exposing lower soil layers to weathering, and increasing the rate of C cycling
from the deeper soil layers back into the atmosphere.

Conversion of chaparral to grasslands has also been observed to increase the
nitrate content of stream runoff (Longstreth and Patten 1975). Runoff nitrate content
has been observed to increase by up to 100-fold in the years immediately following
conversion (Davis and DeBano 1986; Davis 1987), likely due to the decomposition
of above- and below-ground organic matter from the remnants of displaced shrubs.
Such effects are also long-lasting with studies estimating nitrate runoff to remain
14-fold or greater above pre-conversion levels a decade after conversion (Davis
1984).

Increases in downslope moisture availability after conversion of chaparral water-
sheds to grasses has also been observed to produce substantial effects on down-
stream vegetation. Examinations of riparian areas downstream of formerly chaparral
sites that had been recently converted were found to have tripled the density of their
riparian vegetation due to increased streamflow and flow duration (DeBano et al.
1984). Moisture availability is also a critical component in determining the success
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of postfire chaparral re-colonization, with low moisture benefitting non-native herbs
and grasses over native shrubs (Frazer and Davis 1988; Keeley et al. 2005). Thus,
conversion of upstream watersheds from chaparral into grasslands possibly will
increase resistance and resilience of downstream chaparral to invasion.

6.6 Toward Improved Monitoring and Modeling
of Chaparral Biogeochemical Cycles

6.6.1 Environmental Sensing Approaches for Assessing
Chaparral dominated Biogeochemical Cycles

The ability to measure and model the dynamics and trajectories of chaparral biogeo-
chemical cycles is rapidly increasing in sophistication. Many new in-situ and remote
sensing tools are becoming available that allow multiple temporal scale resolu-
tions—from minutes to decades—of many important biogeochemical dynamics.
These new monitoring technologies are providing extensive information to improve
models and their prediction capabilities. Historically, the primary approach for
quantifying ecosystem biogeochemical dynamics were through measurements of
changes in the dominant pools, typically at annual scales for production and longer
scales for soils. This research in chaparral dominated ecosystems requires extensive
fieldwork in environments that are challenging to sample due to the continuous low
level woody coverage, rugged topography, and deep rocky soils. Advanced environ-
mental sensing platforms, both remote imaging and in-situ sensors, are providing
new methods for quantifying variation in many factors closely connected to biogeo-
chemical cycling in chaparral, although deep soil characterization remains a
challenge.

Remote imaging platforms allow new methods for mapping chaparral biogeo-
chemical variation for C, N, and potentially other elements using hyperspectral
approaches from airborne and satellite sensors which record information across
hundreds of spectral bands (Serrano et al. 2002; Dahlin et al. 2013). Resulting
hyperspectral imagery have been used to develop estimates of carbon exchange in
chaparral dominated ecosystems (Fuentes et al. 2006). Detailed information on
canopy cover and vertical biomass distributions can also be collected through active
remote sensing approaches using Light Detection and Ranging Laser (LIDAR)
imagery (Garcia et al. 2015). Finally, thermal imaging of land surfaces is providing
new opportunities to evaluate metabolic activity and water dynamics, especially
evapotranspiration (Sims et al. 2008; Kustas and Anderson 2009), which is cur-
rently the focus of studies in chaparral, forest, and grassland ecosystems. When
compared with field measurements, thermal imaging provides Other satellite-based
sensors, such as the Ozone Monitoring Instrument (OMI) allow the characterization
of atmospheric pollution including ozone and NO, (Levelt et al. 2006) that may
affect chaparral biogeochemistry. In the future, opportunities for the remote charac-
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terization of chaparral will likely expand through efforts such as the combined
imaging spectrometer and multi-band thermal sensors in the HyspIRI mission
(Roberts et al. 2015) and the combination of different instruments such as Sentinal
(European Space Agency) and Landsat (US National Aeronautical and Space
Administration) to create a virtual satellite constellation providing multiple viewing
angles and imaging times.

The advances in remote sensing are concomitant with advancements in develop-
ing automated in-situ sensor measurements. In-situ environmental sensors can now
provide minute and hourly scale resolution information on many components of
biogeochemical cycling (Rundel et al. 2009). Repeating ground-based cameras are
providing extensive information on the dynamics of fine scale heterogeneity occur-
ring both above-ground (Sonnentag et al. 2012) and in the soil (Allen and Kitajima
2013). Embedded sensors are also allowing the evaluation of many biogeochemical
transformations, including whole ecosystem carbon and energy exchanges, soil
metabolism, and whole plant water fluxes. Expanded applications of environmental
sensor approaches in chaparral dominated ecosystems is a clear research priority for
improved understanding of biogeochemical dynamics in this unusual ecosystem.

6.6.2 Looking Toward the Next Generation of Chaparral
Biogeochemical Models

To synthesize understanding of chaparral dominated biogeochemical interactions
and improve predictive skill of biogeochemical trajectories new modeling
approaches are necessary. The performance of current ecosystem, land surface, and
biogeochemistry models are generally applied to forested ecosystems and mini-
mally evaluated for chaparral dominated ecosystems. Broadly used ecosystem
models applicable to global ecosystem distributions generally perform poorly in
regions of extensive water limitation (Niu et al. 2014) and likely even more so in
MTC’s where energy and moisture are disconnected. Even when specifically param-
eterized for chaparral dominated ecosystems model performance is limited (Li et al.
2006) or not evaluated (Tague et al. 2009). Ecosystem and land surface models
generally miss important pulse driven dynamics and have poor representation of
precipitation-driven phenology. Current models also have limited abilities to explic-
itly incorporate the large biological and geomorphological diversity characteristic
of chaparral dominated ecosystems that can lead to spatial hotspots and temporal
pulses of biogeochemical cycling.

To improve biogeochemical models, lessons can be learned from other dryland
specific models. Ecosystem models developed specifically for drylands can obtain
reasonable matches with field data (Shen et al. 2008, 2016) although even dryland
specific models have not been tested in chaparral dominated ecosystems. Pulse
driven biogeochemical cycling has characteristics that are distinct from non-pulse
dynamics and generally excluded from ecosystem or land surface models. Simplified
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models of pulse driven biogeochemical dynamics can be effective using either theo-
retical (Jenerette et al. 2008) or empirical (Li et al. 2010) justifications, which can
then provide pulse functionality within more general models. Recently, more com-
plex pulse models have expanded in their representation of underlying mechanisms,
including the formation and consumption of a labile C pool, and predictive abilities
(Oikawa et al. 2014) and fit within broader modeling goals of a better microbial
representation within ecosystem models. Addressing two research priorities will
help advance chaparral modelling efforts. One is the accurate inclusion of precipita-
tion and its relationship with phenology (Jenerette et al. 2010). The underlying con-
trols on phenology are not well understood and the variation among species in
phenological timing and responsiveness to meteorological dynamics can be large.
Second, an improved representation of topographic heterogeneity is needed to bet-
ter account for water dynamics and fine scale hotspots of biogeochemical cycling
within chaparral dominated regions (Tague et al. 2009).

New biogeochemical models that build from theoretical underpinnings and com-
bine data from new remote sensing techniques with extensive empirical evidence
will provide a roadmap for improved understanding of chaparral dominated biogeo-
chemical dynamics. The large uncertainties in models currently applied to chaparral
ecosystems suggest a need for improved models that can better predict interactive
element cycles in response to multiple global change drivers. At the same time the
uniqueness of chaparral ecosystems provides an important testbed for a more com-
prehensive theory of ecosystem dynamics.

6.7 Conclusion

The breadth of chaparral biogeochemical diversity in part contributes to its high
potential for continued biogeochemical sequestration storage over long time periods
as well as rapid fluxes over short periods. Interactions among biophysical drivers,
self-organization, and historical legacies generate large diversity in chaparral eco-
system dynamics. The consequences of ecosystem diversity are broad distributions
in the rates of biogeochemical cycling. Current and future distributions of chaparral
biogeochemical cycling will likely respond to multiple interactive anthropogenic
drivers including increased nitrogen inputs, grazing, increased fire frequencies,
more fragmented landscapes, and increasing CO, concentrations. These changes
can influence the biogeophysical template, self-organization, and the influence of
historical legacies through direct and indirect pathways. To better quantify the eco-
system services provided by chaparral and their potential future trajectories, new
measurement and modeling opportunities are becoming available. Monitoring
through in-situ and remote sensing techniques substantially increases the amount of
data in both spatial and temporal resolution and extent than can be obtained from
time-intensive field sampling. New modeling approaches are reducing uncertainties
in extending findings spatially and improving projections of future biogeochemical
cycling. Validating sensor measurements and model projections will still require
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direct field measurements, but this work will allow a larger source of information
than fieldwork alone. A greater emphasis on measuring biogeochemical cycles in
chaparral in combination with traditional fieldwork, new sensor tools, and advanced
modeling can provide information to resolve uncertainties in ecosystem theory and
to assess current and future provisioning of chaparral ecosystem services, such as
climate change moderation through C sequestration or clean water provisioning
through limited NO; losses to streams.
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