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Abstract

This thesis addresses the coupling of hydrologic and biogeochemical processes and, specif-
ically, the organization of ecosystem traits with the water, carbon, and nitrogen cycles.
Observations from a factorial irrigation-fertilization experiment in a seasonally dry annual
grassland are combined with a simple ecosystem model to identify relationships between
vegetation, nitrogen availability, and hydrology. Assuming primary productivity is water-
limited, data analysis indicates that soil moisture and canopy conductance are insensitive
to nitrogen supply, owing to a trade-off between canopy density and leaf conductance that
maximizes efficient use of available water. That is, fertilization-induced increases in leaf area
index are offset by reduced leaf area-based stomatal conductance. When primary productiv-
ity is assumed to be co-limited by water and nitrogen availability, total surface conductance
is estimated to be insensitive to nitrogen supply, but added nitrogen increases the ratio of
transpiration to evaporation. This coupled water-carbon-nitrogen model is then extended
to predict ecosystem sensitivity across independently varied gradients of water and nitro-
gen supply rates. This analysis reveals two distinct regimes of plant-resource organization.
In arid climates, rooting depths decrease with increasing aridity, while in humid climates,
rooting depths increase with aridity. In all climates, rooting depths increase with increased
nitrogen supply. Further, relative root-carbon allocation always increases with aridity and
decreases with nitrogen supply. These resource use strategies result in an efficient use of
available water in arid climates and efficient use of available nitrogen in humid climates.
The associated ecosystem process rates indicate that nitrogen supply is an important deter-
minant of surface water and carbon fluxes in humid climates, but only of carbon fluxes in
arid climates.
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Chapter 1

Introduction

"In terms of conventional physics, the grouse represents only a millionth of either
the mass or the energy of an acre. Yet, subtract the grouse and the whole thing
is dead."

~ Aldo Leopold, from A Sand County Almanac

This thesis addresses the coupling of hydrologic and biogeochemical processes. The in-

troductory chapter is intended to familiarize the reader with the role of ecosystem processes

in the earth system and to motivate the study of coupled water, carbon, and nitrogen cy-

cles in semi-arid grasslands. First, the concept of mass and energy cycling is introduced at

the global scale. This general view is then expanded by a review of the mechanisms that

contribute to the co-variability of these cycles at ecosystem scales, leading to a conceptual

framework to guide the remainder of the thesis. Within the context of this framework,

several outstanding research questions and the objectives for this work are outlined.

1.1 The earth system, humans, and global change

The earth system is a delicate and complex web of interacting cycles of matter and

energy. Energy processed in the earth system is ultimately derived from the sun and from

tectonic activity originating deep in the core of the earth. This energy is stored and released

while altering the thermodynamic states of the earth system - most importantly, the surface

and atmosphere are heated and cooled; water is cycled between solid, liquid, and gaseous

states; and chemical reactions convert inorganic matter to organic and back. These cycles,

operating on land, in the oceans, and in the atmosphere, underlie many common sights -
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from a subtle change in wind direction, to the leaves turning color in fall, to the awesome,

but often tragic, earthquakes and hurricanes.

At human time-scales, the primary source of energy driving the earth system is the sun.

The sun delivers energy at an approximate rate of 340 [W m 2 ] at the top of the atmosphere'

[ Trenberth et al., 2009]. Globally, the earth is in approximate thermodynamic equilibrium

(i.e. no net heating or cooling), thus the system radiates this same energy flux back to

space. On average, 30% of incoming solar energy is directly reflected by aerosols and bright

surfaces such as snow, ice, sand, and cloud-tops. The fraction of reflected solar energy is

known as the planetary albedo. The remainder is absorbed by the surface, atmosphere, and

clouds, then re-emitted away from the earth. Because of this constant outgoing radiation,

maintenance of the earth's temperature requires constant solar energy input.

While an observer from space might conclude the earth's temperature to be -19'C in

thermodynamic equilibrium, by experience we know it is indeed much warmer at the surface.

Local warming of the surface and lower atmosphere is due to the storage of energy near the

surface, known as the "greenhouse effect." The greenhouse effect maintains a habitable

temperature near the surface favorable to the thermodynamic processes observed to occur

there, including those of a dynamic hydrologic cycle. One-third of the energy absorbed

by the surface is direct solar energy, whereas the remaining two-thirds is that which has

been absorbed by clouds and molecules in the atmosphere and re-radiated downward toward

the surface [ Trenberth et al., 2009]. These are the greenhouse gases - the most active of

which is water vapor, and also known to include carbon dioxide, methane, nitrous oxide,

ozone, aerosols, and various halocarbons [Forster et al., 2007]. The total energy absorbed

by the surface is thus the sum of the net solar input and the downward radiation from the

greenhouse gases.

Energy absorbed by the surface is dissipated through a variety of mechanisms. The

earth itself has a temperature and radiates energy upward, some of which is absorbed in

the atmosphere and contributes to the greenhouse effect. The remaining energy, called net

'The sun illuminates half of the earth surface at any given time and solar energy enters the earth system
normal to the projection of this illuminated area. Therefore, the global average energy input is 340 [W m-2],
or one quarter of the solar energy flux density, or solar constant. The solar constant is approximately 1361

[W m-2], as estimated from recent Total Irradiance Monitor observations (under NASA's Solar Radiation
and Climate Experiment) [Kopp and Lean, 2011].
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radiation, Rn, is dissipated by heating or cooling of the ground, heating or cooling of the

air, or the evaporation of water - or ground, G, sensible, H, and latent heat, AE, fluxes,

respectively. Thus, the surface energy balance (SEB) is,

R, = RT - R + R' - R' = G + H+ AE (1.1)

where the sign convention is taken as positive away from the surface and R" and R, are the

shortwave and longwave energy fluxes (i.e. solar and terrestrial, denoted as such due to the

respective temperatures of the radiating bodies and associated regions of the electromagnetic

spectrum).

The partitioning of R, into these three fluxes at the earth surface is a primary driver of

the hydrologic cycle. It determines the rates at which (1) water stored in the land surface is

returned to the atmosphere, AE, and (2) the lower atmosphere is heated, H, which initiates

the processes required to produce rainfall. Globally, AE accounts for 82% and H accounts for

17% of R, [ Trenberth et al., 2009], however, this distribution varies substantially at smaller

scales.

Latent heat couples the SEB with the surface water balance. Neglecting changes in water

storage on land, precipitation, P, is balanced by evaporation, E,2 surface runoff, RO, and

deep groundwater recharge, R9,

P = E + R + R9 (1.2)

Taken together, the coupled surface water-energy balance determines the surface climatic

states, temperature and humidity, given the energy and water inputs, R" and P. The

significance of these climatic inputs and states for earth system dynamics will be clarified in

the next section.

In addition to driving the water cycle, the sun's energy flows through biogeochemical

cycles operating within the earth system. First and foremost, solar energy is absorbed in the

process of photosynthesis, whereby it is converted to chemical energy by reducing carbon

from its inorganic state in the atmosphere, CO 2, to organic matter. The energy utilized

2 A=2.25e6 [J kg-'] is the latent heat of vaporization, or the energy required to evaporate 1 kg of water

at 25'C. It converts the latent heat flux from units of energy to units of mass.
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in photosynthesis is negligible compared to the other surface energy fluxes in equation 1.1

(see Table 1.1 and references), but it is the originating energy source that supports most

life-forms on earth and it represents a major component of the land-atmosphere carbon flux.

The chemical energy stored by photosynthesis is later released through metabolism (also

returning CO 2 to the atmosphere) to support the building and maintenance of plant and

microbial organic matter of the primary producers. Energy contained in this organic matter

cascades up the food chain from plants to animals and, ultimately, to us.

Enzymes used to carryout photosynthesis and metabolism are not constructed of carbon

alone, but require several additional elements in varying quantities. Macronutrients are

those required in the largest supply (nitrogen, calcium, potassium, magnesium, phosphorus,

etc.) as compared to the micronutrients (iron, manganese, zinc, copper, molybdenum, etc.)

required in much lesser amounts. Following hydrogen, carbon, and oxygen, nitrogen (N) is by

far the element required in the greatest amount, as evidenced by the typical elemental ratios

of organic matter C:N:P=106:16:1 [Redfield, 1958; Vitousek, 1982; Falkowski and Davis,

2004; Hedin, 2004]. The availability of N also limits primary productivity in most of the

world's ecosystems [Vitousek and Howarth, 1991]. On Earth, N is primarily found in the

atmosphere as the non-reactive gas, N2 . The strength of the triple bond between N atoms

in this state necessitates a large amount of energy to assimilate N2 into organic matter.

In nature, this process is executed by biological nitrogen fixation (BNF), whereby primary

producers utilize energy derived from photosynthesis to facilitate N reduction. While BNF

is the ultimate source of organic N, most of the inorganic N utilized in primary production

is continuously cycled between plants and soil organic matter. This cycling is accompanied

by requisite energy fluxes. Heterotrophic decomposers derive their metabolic energy from

deceased plant material, a process that releases inorganic N into the soil. Plants subsequently

expend energy to collect inorganic N from the soil and reduce it for assimilation into organic

matter.

Another element that plants and animals require in high supply, but is often found

in limiting supply, is phosphorus (P). P is a component of the cellular energy "shuttle,"

adenosine triphosphate (ATP), and is the backbone of deoxyribonucleic acid (DNA), the

molecule responsible for storing the world's genetic information. P is largely found bound

20



Table 1.1: Major earth system cycles expressed in terms of power [TW].

Energy flux Total power

Net solar input'

Surface heating 2

Water

Carbon

Nitrogen 3

Phosphorus

Net greenhouse effect
Convection
Human activity

Total ET
ET on land
Agricultural ET
Diverted runoff

Total photosynthesis
Photosynthesis on land
Agriculture
Fossil fuelsa

Total N fixation
N fixation on land
BNF on land
Fertilizer production"

Fertilizer production"
Natural weathering

121,000

11,700
8,700

770

36,000
5,000
1,300

500

107
58
27
17

1.24
0.83
0.24
0.21

0.012
0.0010

Forster et al. [2007];
Trenberth et al. [2009]

Postel et al. [1996]

Vitousek et al. [1986];
Field et al. [1998];
Nealson and Conrad [1999];
Kleidon [2012]

Ramirez and Worrell [2006];
Gruber and Galloway [2008]

Carpenter et al. [1998];
Gardner [1990];
Guidry and Mackenzie [2000];
Ramirez and Worrell [2006]

'Net solar input is calculated as the total solar energy flux less that reflected directly back to space.
2Surface heating includes the net greenhouse effect plus sensible heat, the energy that does not evaporate
water or immediately escape through the atnosphere.
3Calculated assuming 946 [kJ mol- 1] energy input required to break N 2 triple bond. These values are likely

conservative estimates, as some of this energy may be recaptured in other usable products of the N-fixing

process (e.g. see Ramirez and Worrell [2006]).
aEnergy derived from fossil fuels and fertilizer production effectively represent anthropogenic inputs into the
system, as these processes release energy from reservoirs with long residence times. Other energy fluxes are

included in their respective "total" values.

21
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in rock and initially becomes biologically available via a combination of physical, chemical,

and biological processes. The primary mechanism that releases new P into ecosystems is the

dissolution of rocks containing P, such as Apatite [ Walker and Syers, 1976]. Since dissolution

rates are surface area-dependent, they may be limited by physical weathering of parent

material - from large cohesive rock fragments to tiny soil particles. Physical weathering

mechanisms include expansion and contraction (i.e. temperature- and water-driven freeze-

thaw or thermal stresses) and bioturbation by roots and burrowing animals. Once dissolved

and assimilated into organic matter, P is tightly cycled in the plant-soil system. Similar to

those propelling the N cycle, these weathering and recycling processes all depend on energy

ultimately derived from the sun.

The water, carbon, nitrogen, and phosphorus cycles exemplify the movement of matter

and energy in the earth system. Through latent heat, the energy-demanding processes of

photosynthesis, and the propagation of this energy to nutrient acquisition and to higher

trophic levels, the sun powers the dynamics of these cycles. The water cycle entrains a

substantial amount of energy when compared to the elemental cycles (Table 1.1). Indeed,

precipitation is often considered, with temperature, to be the first order control on ecosystem

structure and productivity [ Whittaker, 1975]. Of those elements required in the highest

supply (C, N, and P) and those most likely to limit primary productivity (N and P), the C

and N cycles utilize the most energy. That energy decreases precipitously with the relative

needs for organic matter production, such that N fixation requires several orders of magnitude

less energy than photosynthesis and P weathering even less. However, each of these elements

is necessary to life found on Earth.

* ~**

Human intervention in the earth system is striking. Human societies rely on the wa-

ter, carbon, nitrogen, and phosphorus cycles to support their livelihood - socio-ecological

processes such as food production, drinking and wastewater treatment, transport, and recre-

ation are derived directly from these cycles. As shown in Table 1.1, anthropogenic activities

account for a substantial proportion of the energy flow through these cycles.

Water has always played a central role in society. The rivers and oceans serve not only
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as a source of drinking water and food, but also as a means of travel and trade. Efforts

to store and divert water for agriculture and flood control were practiced as early as 3000

BC [Biswas, 1970]. While fishing contributed to. human sustenance thousands of years

earlier [Richards and Trinkaus, 2009], the practice escalated to the global scale around the

1 3th century, when freshwater fisheries collapsed and English fisherman ventured across the

Atlantic to fish off the coast of present-day Newfoundland and Maine [Bolster, 2008]. As

world population has grown since, these activities have only intensified. Humans now utilize

26% of global land evapotranspiration (ET) and 54% of accessible runoff, of which 42%

is used to irrigate cropland [Postel et al., 1996]. In many areas of the world, irrigation

water is acquired from groundwater aquifers [Vorosmarty and Sahagian, 2000; Konikow,

2011]. Globally, groundwater withdrawals only account for approximately 10 TW of latent

heat (using the estimates of Konikow [2011]), but instantaneously (in geologic time) release

water from reservoirs with natural residence times on the order of 102-104 years. Major

rivers have been dammed for hydropower and drinking water, increasing water and sediment

storage on land [Vorosmarty and Sahagian, 2000], or have been channelized to ease inland

transport of goods [Brookes, 1985]. This activity increases land-ocean exchange of water

and the nutrients and sediment it carries, which is further increased by agricultural land

development [Gottschalk, 1945; Brookes, 1985]. These changes in water fluxes and storage

are already manifest at very large scales, such as the almost entirely diverted Colorado River

[Cohen et al., 2001], the disappearing Aral Sea [Micklin, 2007], and the Gulf of Mexico

"dead zone" [Osterman et al., 2009]. The dynamics of this coupled human-water system are

accelerated and seldom similar to the natural water cycle.

The C cycle is also central to the human endeavor. As alluded to earlier, agricultural

production and animal husbandry depend on photosynthesis and metabolism to generate

organic matter, which then becomes our food. Toward this end, the C cycle has been

artificially stimulated through irrigation and fertilization, interventions that simultaneously

impact the water, C, and N cycles. It is estimated that 31% of terrestrial net primary

productivity (NPP) has been appropriated for human use [ Vitousek et al., 1986] and the area

of irrigated land is projected to double between 2000 and 2050 [Tilman et al., 2001]. Since

the industrial revolution (approx. 1750-1850), energy production - for agriculture, transport,
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and heating/cooling/lighting our homes - has largely been generated via the burning of fossil

fuels. This burning quickly depletes stores of C that have existed for millions of years and

contributes to the observed rise in atmospheric CO 2 [Forster et al., 2007]. The interaction

between atmospheric CO 2 and energy radiated from the earth surface is implicated in global

climate change. In terms of energy, humans appropriate 47% of the C cycle on land and

release an amount equivalent to 16% of the global cycle from fossil reservoirs.

It is impossible to discuss either agriculture or energy production without also addressing

their impacts on the N cycle. At present, humans account for over half (-59%) of the reactive

N entering the cycle, much of which is from N fertilizers [Gruber and Galloway, 2008],

and this amount is expected to increase 2-3 fold by 2050 [Tilman et al., 2001]. Modern

agricultural productivity relies on industrial N fixation via the Haber-Bosch process, which

itself consumes fossil fuels. It is estimated that approximately 1-2% of the global energy

demand is harnessed to fix N fertilizer [Gutschick, 1978; Ramirez and Worrell, 2006; EIA,

2006] however, humans consume only about 10% of this [Galloway and Cowling, 2002].

Fossil fuel combustion releases fixed N as the gases NO and NO 2 that are subsequently

re-deposited on the surface. This process accounts for 20% of human reactive N inputs

[Gruber and Galloway, 2008]. Thus, through the coupled C and N requirements of plants

and animals, the fossil energy required to produce N fertilizer, and the byproducts of fossil

fuel combustion, the N cycle is strongly regulated by humans and intertwined with the C

cycle.

Irreversible changes (at least over human time-scales) to these coupled earth system

processes resulting from human activity are evident. Many landscapes have been altered

with unintended, long-lasting consequences. Soil erosion under the plow is all too common

a story across the United States [Gottschalk, 1945; Costa, 1975; Hooke, 2000], losing soils

rich in organic matter that can take hundreds of years to develop. Intense fertilization has

saturated soil nutrient storage, such that stream-water nutrient concentrations are elevated

and will continue to be so until these stores are depleted [Basu et al., 2010]. Nutrients

in agricultural runoff have been observed to decimate receiving water ecosystems beyond

recoverable thresholds [Scheffer et al., 1993]. Similarly, vegetation loss from rangeland over-

grazing may increase vulnerability to drought and the ability of these ecosystems to regain
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productivity in the future [Schlesinger et al., 1990; Rietkerk et al., 1997]. While these studies

have focused on local impacts, global scale reactions to increasing human activity are possible

[ Wackernagel et al., 2002; Barnosky et al., 2012]. Whether or not these harbingers ring true,

the current scale of human activity and its consequences are unprecedented, necessitating a

careful approach to land development, management, and restoration.

From this global perspective, it is clear that the water, C, and N cycles are (1) necessary

to support life on earth, (2) significantly altered by human activity, and (3) closely linked.

The first two points indicate the importance of fundamental understanding of these cycles

and the third indicates the difficulty in doing so. In the next section, these difficulties are

illustrated as we reduce our scale of inquiry to the ecosystem level and consider some of

the physical, chemical, and biological mechanisms through which terrestrial ecosystems link

energy and elemental cycles.

1.2 Ecosystems: linking the water, carbon, and nitrogen cycles

The short time-scale (i.e. sub-daily to decadal) dynamics of the earth system are driven by

strong interactions between the atmosphere and the land and ocean surfaces. In particular,

the thin skin of biological material covering the land surface (i.e. soil and vegetation) acts

as a reactor for energy and matter. Inputs to this reactor include, from the atmosphere,

solar energy, rainfall, and elements such as C and N, and, from the earth, mineral inputs via

uplift and rock weathering. The products are subsequently returned to the atmosphere by

turbulence in the planetary boundary layer, exported to the ocean by river-flow, or buried

beneath the surface. Boundary layer energy, moisture, and carbon fluxes are particularly

relevant to both short- and long-term climate dynamics.

The land surface reactor is best described as a mosaic of ecosystems, with both undis-

turbed and developed lands, whose characteristics govern the rates of energy and matter

processing. Aggregate ecosystem behavior depends on interactions among their abiotic (e.g.

mineral soil and rock, water, radiant energy) and biotic (e.g. plants, soil and its microbes,

animals, humans) components over a wide range of spatial (molecular to landscape, ~10--9-
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103 m) and temporal (diurnal to millennial, ~103-1010 s) scales. 3 Indeed, Redfield [1958]

noted,

"The environment not only determines the conditions under which life exists, but
the organisms influence the conditions prevailing in the environment."

From the perspective of terrestrial ecosystems, these biotic-abiotic interactions imply that

plants both influence and respond to their resource environments, defined as the prevailing

soil and atmospheric conditions. In fact, soil development requires the mere presence of

vegetation. Plants "engineer" their soil environments - they fix N, stimulate weathering

of inorganic substrate, and generate the organic matrix that serves as nutrient supply and

a reservoir for soil moisture. In the atmosphere, plant canopies affect the generation of

turbulent eddies, which sets the air temperature and humidity conditions, and may collect

moisture directly from the air [Bonan, 2002; Hildebrandt et al., 2007]. Once established,

these soil-plant-atmosphere systems (the foundation of the ecosystem) are self-sustaining

cycles, whose dynamics are regulated by, and regulate, the surface water-energy balance.

As such, we can ascertain a strong coupling between the water-energy, C, and N cycles in

terrestrial ecosystems (Figure 1-1).

Volumetric soil moisture, 0 [M 2 m- 2], is often assumed to be the most descriptive state

of the ecosystem, or the life-blood that facilitates ecosystem processes, for good reason.

From a purely physical perspective, 0 acts as a dynamic interface between the subsurface,

surface, and atmosphere. Because soil water potential decreases rapidly with soil moisture

and soil water storage capacity is finite, infiltration and runoff generation depend strongly

on 0 [Horton, 1933; Dunne and Black, 1970]. Likewise, soil conductivity sets a physical limit

to evaporation from bare soil. In certain contexts, soil moisture may also interact directly

with climate and promote the likelihood of rainfall or drought [Rodriguez-Iturbe et al., 1991;

Eltahir, 1998; Zheng and Eltahir, 1998]. Therefore, the wetting and drying of the landscape

depends in large part on its "wetness," or saturation. This interplay between rainfall, soil

3 Given that these interactions may take place theoretically over any space- or time-scale, it is useful

here to restrict our discussion to specific scales and the interactions expressed strongest at those scales. We

focus here on plot-scale dynamics (- 102 [M2 ], or several individuals) occurring over time-scales ranging

from hourly to inter-annual. Therefore, dynamics resulting from processes such as evolution and landscape

development are ignored.
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Figure 1-1: Interactions between the water, carbon, and nitrogen cycles at ecosystem scales.

moisture, evaporation, and runoff determines the soil saturation regime and sets the stage

for ecosystem processes to do their work.

Transpiration, an ecosystem process modulated by plant physiological activity, interacts

with the soil water balance much like the physical processes described above. In order to

obtain CO 2 for photosynthesis, plants must necessarily maintain a porous leaf surface, across

which CO 2 diffuses to the site of carboxylation. When open, leaf pores, or stomata, inad-

vertently allow water to evaporate and escape into the atmosphere. Because physiological

processes require maintenance of turgor pressure, primary productivity thus requires a con-

tinuous supply of soil water. Between rainfall events, the soil water supply is depleted by

transpiration, which results in reduced turgor pressure and a condition of plant water stress.

Plants have evolved many strategies to cope with water stress, including adjustments to

stomatal opening, leaf area, and root structure. These physiological responses modulate a

negative feedback between transpiration and soil moisture that is expressed in the character

of the soil moisture signal and the land surface carbon and water fluxes.

The most immediate response to water stress is slowing of the transpiration flux. Reduced

transpiration is first achieved by stomatal closure, which raises cellular and xylem pressures
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to avoid tissue damage [Kramer and Boyer, 1995]. Stomatal closure is induced either by

(1) hormonal signals from the root that indicate a depleting water supply [Tardieu et al.,

1996; Wilkinson and Davies, 2002] or (2) a direct mechanical response to decreased turgor

pressure in the cells that surround the stomatal opening [Buckley et al., 2003]. The relative

importance of these two mechanisms differs among species [Lambers et al., 2008]. As water

stress develops further, however, pressure losses are unavoidable. Loss of leaf turgor pressure

causes leaves to wilt. Wilting reduces leaf exposure to radiation and turbulence, which

contribute to the evaporation process. Under severe stress, the photosynthetic and metabolic

machinery itself is degraded and the plant carbon balance becomes negative. At this point,

leaves are shed to further reduce leaf area and water loss [Kramer and Boyer, 1995]. If the

water supply is not replenished by rainfall, mortality is imminent.

In addition to stomatal and leaf area adjustments, plants interact with the soil water

balance through root exploration of the soil at depth. Rooting depth is the plant trait that

most determines the volume of water available for evaporation. It controls the active soil

depth, or the depth that interacts directly with the atmosphere, and increases evapotranspi-

ration beyond that accessible by exfiltration alone. Root growth is driven in part by moisture

availability and, therefore, rooting depth can be predicted from the soil and climate charac-

teristics that determine the characteristic infiltration depth for the ecosystem [Schenk and

Jackson, 2002a; Laio et al., 2006; Collins and Bras, 2007; Sivandran, 2011].

So far, the water stress responses we have addressed are those that vary at hourly to

seasonal scales. These dynamic responses represent plant acclimation to variability in the

environment, or the ecosystem phenotype. However, rooting depth, transpiration rates, and

water stress responses are also related to plant life history strategy. Thus, these character-

istics may be considered part of the ecosystem genotype, which varies by adaptation over

ecological and evolutionary time-scales. Plants that complete their entire life-cycle within

a single growing season cannot grow fast enough for roots to penetrate deeper than several

10s of centimeters [Noy-Meir, 1973]. Therefore, they primarily interact with moisture stored

near the surface, which is cycled at the highest frequency, and are found in environments

where infiltration depths are limited. These ephemeral species, such as annual grasses, typi-

cally follow an intensive growth strategy [Rodriguez-Iturbe and Porporato, 2004; Zea-Cabrera
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et al., 2006], whereby they grow and transpire at high rates, but die-off quickly after water

stress initiates. Longer-lived individuals are able to establish deeper rooting systems over

multiple growing seasons and, thus, tap into water stored below the surface. Access to lower

soil layers and groundwater provides a larger water supply, provides a buffer during periods

of drought, and is associated with an overall dampening of the water balance dynamics [Noy-

Meir, 1973]. These extensive water users, like trees, maintain low growth and transpiration

rates and, thus, exhibit a more conservative resource use strategy.

The observed soil water balance and vegetation are inter-related and result from innu-

merable interactions between soil, vegetation, and climate. At the molecular scale, leaf cell

osmotic pressures affect the rate at which CO 2 molecules are captured by Rubisco. At the

whole-plant scale, this capture rate determines the amount of carbon available for root and

leaf growth, which controls ET and the accumulation of water-storing organic matter. And,

at the landscape scale, soil water storage and ET regulate the processes that produce rainfall.

These interactions across processes and scales are evident in observable associations between

soil moisture and vegetation patterns (see Figure 1-2) and limit our ability to attribute water

balance dynamics to a succinct set of independent factors.

Figure 1-2: Examples of vegetation-hydrology organization. At Wai-Ula-Ula, Hawai'i (a)
and Konza Prairie, Kansas (b), topographic redistribution of soil moisture leads to two
distinct eco-hydrologic regimes. Water drains from divergent slopes, resulting in dry uplands
dominated by grasses, and collects in convergent slopes, where wet valleys are dominated by
trees.

29



Soil moisture also supports microbial life and, in so doing, serves as the medium for

soil biogeochemical reactions. These reactions, modulated by soil moisture, determine the

supply of nutrients available to plants for enzyme synthesis and biomass production. In

direct analogy to the plants, the soil water potential establishes the micro-environment in

which microbes live. As the soil dries, water potential drops rapidly, creating a hostile

environment that slows microbial activity. In addition, soil moisture facilitates the mobility

of soluble ions, needed for both plant and microbe metabolism. At low soil moisture, water

is tightly bound to soil particles and pores disconnected, such that diffusion through the

soil pore space to reaction sites and to root surfaces for plant uptake is limited. This effect

on soil connectivity is also expressed at the soil profile or catchment scales, affecting solute

delivery to processing zones and export via streamflow. At high soil moisture, the fraction

of pore space filled with air is limited and oxygen availability declines. Under oxygen deficit,

anaerobic metabolism is energetically favored, which is associated with low decomposition

rates and N loss via gases produced during denitrification. All of these factors play a role

in microbial activity, rates of C and N transformation in the soil, and the availability of

nutrients for plant uptake.

Patterns of soil C and N cycling are related to soil and climate characteristics, consistent

with the influence of soil moisture and temperature. In general, soil organic matter and N

accumulate in cooler and wetter climates [Kern, 1994]. Decomposition rates increase over

a wide range of temperature and precipitation; however, decomposition is inhibited by the

anaerobic conditions of saturated soils and at extreme temperatures. Across a precipitation

gradient, this uni-modal decomposition effect is superimposed by a monotonic increase in

biomass production [Sala et al., 1988]. Biomass C:N ratios also increase with precipitation,

as wetter soils enhance non-productive N losses via runoff and denitrification [Brady and

Weil, 2004; Aranibar et al., 2004; McCulley et al., 2009]. To the extent that they affect the

soil water balance, soil properties also play a role in the soil C-N cycle. Fine and poorly

drained soils are typically near saturation and are associated with high productivity, low

decomposition, and, thus, high organic matter accumulation [Brady and Weil, 2004].

While soil organic matter dynamics seem to be well constrained, the internal dynamics of

the soil C-N cycle are more uncertain. For example, net N mineralization was observed to be
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relatively unaffected by precipitation in the central United States grasslands [Barrett et al.,

2002; McCulley et al., 2009], whereas model simulations showed mineralization to increase

across the same precipitation gradient [Burke et al., 1997]. This discrepancy may be related

to non-linearity in the microbial responses to soil moisture and temperature [Brady and

Weil, 2004; Aranibar et al., 2004] or a result of an inconsistency in the prevailing conceptual

model for soil N cycling [Schimel and Bennett, 2004]. Despite this uncertainty, observations

clearly demonstrate the importance of soil environmental conditions in the fate of C and N

in the plant-soil system.

In addition to the soil environment, decomposition and mineralization rates also depend

on the "quality" of the organic substrate, composed of plant and microbe litter. Litter quality

denotes the ease of which microbial decomposition proceeds and partially depends on litter

N content. Litter with high N content decomposes more quickly and releases more mineral N

than litter with low N content [Booth et al., 2005]. Plant tissue and litter N content have been

observed to depend on vegetation type [ Tilman, 1990; Wedin and Tilman, 1990; Craine et al.,

2002]. In a reciprocal manner, the nutrient supply rate, determined by the litter quality,

also influences tissue N content. Therefore, in addition to that associated with the soil water

balance, plants and soil are engaged in a second feedback by which high (low) productivity,

decomposition, and N supply rates are self-sustaining [Ehrenfeld et al., 2005]. Within this

feedback, the relationships between plant life history strategy and the rate of N cycling are

similar to those of the intensive/extensive water users introduced above. That is, annual

grasses tend to grow faster, to have lower C:N ratios, and to promote higher mineralization

rates than long-lived perennial grasses or woody shrubs and trees [Ehrenfeld et al., 2005, and

references]. Similarly, plants found in cold and/or wet environments, where decomposition

and N supply rates are low, tend to exhibit high C:N ratios and conservative resource-use

strategies [Aerts and Chapin, 1999]. Through these mechanisms, soil biogeochemistry is

organized with both climate as well as vegetation characteristics. As in the case of the soil

water balance, the complexity of this system is such that it is extremely difficult to establish

a causal relationship between any two factors.

While the role of soil moisture in the C-N cycle, and resulting N supply rates, is well-

recognized, it is less obvious whether there is a complementary effect of N supply on the soil
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water balance. Indeed, this question has been studied from a wide range of perspectives.

Soil N supply and corresponding plant tissue N concentrations are known to affect many

vegetation characteristics that control ET, including leaf area index, stomatal conductance,

and root structure. However, the range of hydrologic conditions studied and the scales at

which these studies were conducted rarely match those needed to construct a comprehensive

theoretical understanding commensurate with existing ecohydrological models.

In N-limited ecosystems, leaf area index varies with soil N supply. This supply is reflected

in leaf N content, the majority of which is used to produce and maintain the photosynthetic

and metabolic machinery. Thus, soil N supply controls rates of photosynthesis and growth

[Evans, 1989; Poorter et al., 1990]. Growth rates are often correlated with leaf area index

- that is, plants that grow faster have larger canopies [Anten et al., 1995; Cowling and

Field, 2003]. As discussed earlier, leaf area index represents the surface area over which

transpiration occurs and, thus, controls plant water use.

At the leaf scale, leaf N content influences stomatal conductance and the water stress

response. A meta-analysis of leaf-scale measurements indicated that net CO 2 assimilation

generally increases linearly with leaf N content under adequate water supply [Field and

Mooney, 1986; Evans, 1989]. Since net CO 2 assimilation also scales linearly with stomatal

conductance [e.g. Leuning, 1995], the hypothesis that stomatal conductance scales linearly

with leaf N content naturally follows. This hypothesis has been verified under wcll-watered

conditions [e.g. Hunt et al., 1985a; Sage and Pearcy, 1987]; however, experiments under nat-

ural hydrologic regimes are limited. Those that do exist suggest physiological responses to

N and water supplies interact to produce the stomatal response, which may decrease with

increased N supply [Ewers et al., 2000; Bucci et al., 2006]. This behavior has been specu-

lated to result from simultaneous optimization of leaf water and N use [ Wright et al., 2003].

Leaf N content also affects the soil moisture conditions under which plants experience water

stress. Radin and Parker [1979] and Radin [1981] observed the leaf water potential at incip-

ient stomatal closure to increase under N deficiency in individual, glasshouse grown cotton

plants; however, fertilized plants wilted earlier. A more recent modeling study suggested the

opposite, that fertilized plants are more susceptible to water stress [Emanuel et al., 2007].

Together, these studies demonstrate the influence of N in stomatal dynamics, but fail to
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create a consistent picture of the underlying mechanisms.

Below-ground, plant water and nutrient uptake is controlled by the size and structure

of the root system. Plants scavenge for soil nutrients by extending their root systems,

implying that root size and structure are related to nutrient availability. Plants respond to

low N supply by increasing the total fraction of biomass allocated below-ground to the roots

[Poorter et al., 2012] and by generating new roots in zones with the greatest N concentrations

Lambers et al. [2008]. Both strategies may simultaneously enhance plant water uptake and,

thus ET.

Much evidence exists for the dependence of ET on soil N supply. The question has held

the attention of ecologists, plant physiologists, agronomists, and hydrologists for several

decades. However, general relationships between soil moisture, nitrogen supply, and ecosys-

tem water use, as well as a mechanistic understanding of these relationships, remain open

questions in ecology and hydrology.

It should now be clear that ecosystems are governed by at least two important feedback

loops linked by soil moisture. Plant-soil interactions regulate both the soil water balance and

soil biogeochemical cycles. These plant-water and plant-biogeochemistry interactions are not

entirely independent as (1) soil moisture and temperature affect biogeochemical process rates

and (2) nutrient supply affects ET (Figure 1-1). These linkages suggest that the soil C-N

cycle may be an indirect factor in the surface water-energy balance, with both hydrological

and biogeochemical implications. This leads to the following broad hypothesis (depicted in

Figure 1-3):

Given the N-sensitivity of plant traits that control ET, exogenous N supply from fertil-
ization or atmospheric deposition may alter plant-water interactions and the soil water
balance.
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Figure 1-3: Visual depiction of the hypothesized indirect control of nitrogen fertilization on
plant-water interactions: (1) exogenous ecosystem nitrogen input is increasing from fertilizer
use and atmospheric deposition; (2) increased nitrogen supply increases productivity and
aboveground biomass; (3) increased productivity and aboveground biomass may increase
transpiration and reduce bare soil evaporation; and (4) altered evapotranspiration affects
soil moisture regimes which may feedback onto transpiration.
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Ecosystems are highly complex entities composed of soil, micro-organisms, plants, and

animals that import, process, and export energy and matter. Their energy, water, and

biogeochemical cycles are closely linked. These links result in apparent correlations between

soil, climate, and ecosystem structure and function. Therefore, a perturbation to any one of

the underlying processes (e.g. a change in N deposition, radiation, or precipitation regime)

may cascade through the others. It is these potential unintended, and so-far unknown,

consequences that require a detailed mechanistic understanding of ecosystem complexity

and the capability to predict outcomes of global change. In the next section, we will look at

how such ecosystem interactions have been addressed quantitatively in the study of dryland

ecosystems, an intensely studied ecotone immensely relevant to human welfare.

1.3 Quantitative dryland ecohydrology

Of all the ecosystems covering the surface of the earth, drylands may be the most in

need of critical attention. Drylands are generally defined as regions receiving less than 500

mm of rainfall per year [Noy-Meir, 1973] or those that receive annual rainfall insufficient to

satisfy evaporative demand [Budyko, 1986].' They are often referred to as "water-controlled"

ecosystems as it is assumed that water is the primary factor limiting energy flow through the

ecosystem [Noy-Meir, 1973]. Drylands cover approximately 41% of the earth surface and

support almost 2.5 billion people [Reynolds et al., 2007]. Approximately 80% of grassland,

a common ecotype in semi-arid regions, has been converted for human use [White et al.,

2000]. People in these areas are often poor [ White et al., 2002] and are highly vulnerable to

the consequences of forecasted climate change [ Wilbanks et al., 2007]. Recent work suggests

that productivity in many of these regions may be near irreversible thresholds [Schlesinger

et al., 1990], beyond which recovery may be impossible. For these reasons, dryland ecosystem

processes have a long history of study.

In 1973, Noy-Meir [1973] published a comprehensive review whose conceptual framework

still stands as the foundation in ecohydrology. The early picture of dryland structure and

4 Note, the UN Convention to Combat Desertification defines this threshold as precipitation equal to 65%
of evaporative demand.
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function that emerged from his work emphasized intermittency and uncertainty in resource

availability (i.e. rainfall) and a complex, dynamic coupling between soil, vegetation, arid

climate. With this recognition of the coupling between plants and the soil water balance,

the modeling of vegetation activity took a central role in quantitative hydrology.

Eagleson [1978a;b;c;d;e;f;g] was the first to develop a quantitative framework for the

study of coupled soil-vegetation-climate systems, with the objective of predicting the mean

annual water balance for a region, considering the influence of vegetation. In his classic

statistical-dynamical annual water balance model he applied an a priori assumption of eco-

logical optimality as a constraint for model closure. The notion of ecological optimality

assumes that the vegetation function in the model is optimized with respect to some indica-

tor of ecological fitness. In Eagleson's case, maximum transpiration was used as a surrogate

for maximum photosynthesis that could be described entirely in terms of the water balance

and its parameters. The assumption represents the idea that observed vegetation in a given

region is the outcome of a history of evolutionary and ecological processes, whereby the most

successful growth strategy has out-competed all other possibilities. This assumption simpli-

fied the rather difficult effort inherent in the explicit mathematical treatment of vegetation

activity. Later work lead to hypotheses suggesting that soil and vegetation properties co-

evolve to an optimal state, given a prevailing climate [Eagleson, 1982; Eagleson and Tellers,

1982; Eagleson and Segarra, 1985]. Although this approach has received its share of criticism

[Hatton et al., 1997; Kerkhoff et al., 2004], it did spur two research directions proven to be

invaluable in our understanding of and ability to predict earth system dynamics: (1) the

incorporation of plant physiological processes in quantitative hydrology and climate studies

[Sellers et al., 1997]; and (2) the further investigation of the co-evolution of the biotic and

abiotic components of the earth system. The latter direction has contributed to more parsi-

monious models of land-atmosphere exchange [e.g. Kleidon, 2004; Schymanski et al., 2009]

and improved land management practices [Folke et al., 2004]

More recently, a similar water balance model was developed for application in water-

controlled ecosystems. This framework included a simplified functional representation of

vegetation-soil moisture interaction in place of Eagleson's optimality assumption [Rodriguez-

Iturbe et al., 1999a; Lazo et al., 2001a] and successfully reproduced characteristics of the soil
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water balance [Rodriguez-Iturbe and Porporato, 2004]. The model has supported a mech-

anistic interpretation for many observed landscape patterns. As an example, the Kalahari

Transect in central Africa covers a rainfall range from approximately 250 to 1600 [mm yr-1],

with grasses predominant in the drier, southern region and trees predominant in the wetter,

northern region [Scanlon and Albertson, 2003]. Simulations of the water balance demonstrate

that the observed vegetation is that which experiences a minimum of a theoretically derived

water stress, or deviation from the maximum ET rate [Porporato et al., 2003a; Scanlon and

Albertson, 2003]. In a separate study, it was argued that spatial interactions between trees

and grasses in mixed savanna ecosystems produce an ecosystem structure that minimizes the

time-averaged water stress of the system [Rodriguez-Iturbe et al., 1999b]. Further analysis

of the water balance model shows that perceived water stress is a function of soil hydraulic

properties, rooting depths, maximum ET rates, and water stress responses [Porporato et al.,

2001; Laio et al., 2001a]. In all of the cases described here, we see that the model provides

a theoretical basis for Noy-Meir's [1973] conceptualization of dryland ecohydrology.

While the initial focus of this work was on improving predictability in the hydrologic

sciences, more recent studies have extended the theory to include the biogeochemical cycles.

The soil water balance model has been coupled to similarly complex models of photosynthesis

[Daly et al., 2004a;b; Porporato et al., 2004; Williams and Albertson, 2004], soil respiration

[Riveros-Iregni et al., 2011; 2012], and soil C-N cycling [Porporato et al., 2003b; D'Odorico

et al., 2003]. These studies elucidate the tight coupling of surface water and carbon fluxes im-

posed by their coincident stomatal transport and patterns of spatial and temporal variability.

Landscape variability in respiration was attributed to variability in soil moisture driven by

underlying topographic gradients [Riveros-Iregni and McGlynn, 2009; Riveros-Iregui et al.,

2011]. The temporal dynamics of the soil C-N cycle were shown to exhibit lower frequency

variability than that of the soil moisture dynamics, due to microbial sequestration of N and

the long decomposition times required to release C and N from recalcitrant organic com-

pounds [D'Odorico et al., 2003]. Despite this progress in the mechanistic understanding

and modeling of dryland ecosystems, these studies only consider a uni-directional causality

between the soil water and C-N cycles - that is, the C-N dynamics are controlled by soil

moisture, but not vice versa.

37



Given the ubiquity of N limitation in terrestrial ecosystems and the scale of anthropogenic

modification of the N cycle, the most conspicuous assumption in the studies summarized here

seems to be that of exclusive water control on ecosystem structure and function. As stated

by Rodriguez-Iturbe et al. [2001a],

"Although other sources of stress (fire, grazing, nutrient availability, etc.) are
certainly also present, in many of the world [sic] ecosystems soil moisture is the
most important resource affecting vegetation structure and organization."

and Eagleson [2002],

"We propose that the optimum foliage state will be that giving maximum canopy
conductance, because that will provide maximum water-borne nutrient flux from
soil to plant."

This assumption is certainly well justified. Soil moisture controls nearly every aspect

of mineral N delivery, from decomposition rates to the advective and diffusive fluxes of

N to the root surface. In so-called water-controlled ecosystems, the correlation between

water and N supply is so strong that the attribution of their observed effects on ET and

productivity is highly impractical [Burke et al., 1997; Craine, 2009]. However, evidence

exists that primary productivity is often co-limited by water and N availability, even in

water-controlled ecosystems [Hooper and Johnson, 1999]. Co-limitation suggests addition of

either water or N to the system will increase productivity. In human-dominated landscapes,

where atmospheric N deposition and N fertilization are commonplace, not all plant-available

N is delivered by soil moisture-controlled decomposition rates. Therefore, it would seem

likely that, at least under conditions where water and N supply are decoupled, N could play

an indirect role in plant-water interactions. One very basic outstanding research question in

dryland ecohydrology, that echoes the hypothesis in section 1.2 above, is thus: what is the

role of nitrogen supply in the structure and function of dryland ecohydrological systems?

In a research track parallel to that discussed above, the land surface models (LSMs)

applied in global climate prediction and weather forecasting have evolved to incorporate

dynamic vegetation models [Sellers et al., 1997] and fully coupled C-N dynamics [Schimel

et al., 1997; Dickinson et al., 2002; Tague and Band, 2004; Sokolov et al., 2008]. In contrast
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to the ecohydrological approach, whereby mechanism has been inferred from the emergent

properties of a model grossly simplified with respect to its ecophysiological features, LSM

development followed a reductionist approach to the representation of vegetation dynamics

and associated water and carbon fluxes. The primary approach is based on the observed cor-

relation between leaf gas exchange and net carbon assimilation [Collatz et al., 1991; Leuning,

1995]. Therefore, stomatal dynamics and their control on ET are parameterized through the

behavior of the leaf photosynthetic machinery in response to various environmental states at

the leaf surface (temperature, humidity, wind speed, radiation). While earlier models treated

vegetation cover of the land surface as static or varying with a prescribed seasonality, more

recent versions incorporate a prognostic representation of coupled vegetation-soil moisture

dynamics [Sellers et al., 1997]. One such model was specifically developed for application

in dryland ecosystems and predicts many of the previously noted plot- and landscape-scale

patterns of organization in the carbon and water cycles [Ivanov et al., 2008a;b]. For ex-

ample, the authors show how terrain-modulated water and energy inputs lead to niches of

favorability for primary production.

While the full coupling of water, C, and N dynamics has yet to be explored in the eco-

hydrological framework, several LSMs have fully coupled the soil C-N cycle with vegetation

dynamics and the surface water-energy balance [Schimel et al., 1997; Dickinson et al., 2002;

Tague and Band, 2004; Sokolov et al., 2008]. The application of these models has lead to

many intriguing hypotheses on the organization of hydrology and biogeochemistry in ecosys-

tems and its significance within the earth system dynamics. Schimel et al. [1997] used output

from their model to show the emergence of correlations between ET, NPP, and N mineral-

ization, demonstrating the pervasive influence of energy and water availability on ecosystem

processes. At the global scale, models coupling soil C and N cycles generated the hypothesis

that N limitation to primary productivity may modulate the soil-atmosphere CO 2 flux and

resulting atmospheric CO 2 concentrations [Sokolov et al., 2008]. Model results have also

suggested that, in environments where water and N co-limit productivity, observed vegeta-

tion characteristics are those that simultaneously optimize the use of both resources for the

acquisition of CO 2 [Mackay, 2001; Hwang et al., 2009]. Despite the intrigue and novelty

of these hypotheses, few studies have explored the applicability and accuracy of the model
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assumptions with respect to ET within the context of site-specific experiments. The primary

objective of this thesis is to develop an ecohydrological model that effectively couples the

water, carbon, and nitrogen cycles and to evaluate model performance with experimental

observations.

1.4 Thesis outline

This thesis utilizes physically-based modeling and data analysis to understand the role

of the nitrogen cycle in ecohydrology. Specifically, the following questions are addressed for

the Loma Ridge field experiment:

1. What vegetation characteristics that interact with the water balance respond to vari-
ability in nitrogen supply rates?

2. Are these responses expressed in the surface water-energy balance?

3. How do various modeling assumptions capture this sensitivity?

Experimental data collected in a grassland with varying water and nitrogen experimental

treatments are analyzed in Chapter 2. These data are interpreted within the context of

previous empirical results and the prevailing eco-hydrological theory. In Chapter 3, a new

parameterization to model coupled water, carbon, and nitrogen dynamics is developed and

validated. Subsequently, this model is applied in Chapter 4 to investigate how productivity

and root-leaf biomass allocation responds to variability in the coupled water and nitrogen

supply rates and whether this vegetation sensitivity to the nitrogen balance influences the

surface water-energy balance. The experimental data are discussed within the context of

this new model. The thesis then concludes with a summary and prospectus for future work

in Chapter 5, including a proposal for where accurate knowledge of nitrogen dynamics is

necessary for modeling land surface processes.5

'For further reading on the commonly held material presented in this chapter, see the following texts that
have contributed to my understanding of these topics: Bonan [2002]; Brady and Weil [2004]; [Bras, 1989];
[Jenny, 1994]; Lambers et al. [2008]; [Liou, 2002]; [Madigan et al., 2002].
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Chapter 2

The Ecohydrology of Loma Ridge

From the work of Noy-Meir [1973] and Eagleson [1978a;b;c;d;e;f;g] to the present, many stud-

ies have quantified the interactions between soil, vegetation, and climate. Below, assumptions

commonly used to model the vegetation-modulated water balance are introduced along with

corresponding diagnostics used to infer optimality in ecosystem function. Observations from

the Loma Ridge field experiment, which includes factorial water and nitrogen addition treat-

ments, are then described and analyzed within the context of the ecohydrological model. This

model analysis suggests a hypothesis of organization in the soil-plant-atmosphere continuum

under conditions of varying nitrogen supply.

2.1 Ecohydrologic water balance theory

A recent series of papers have provided insight into the co-organization of ecological

and hydrological processes [Laio et al., 2001a;b; Porporato et al., 2001; Rodriguez-Iturbe

et al., 2001a]. Their soil water balance model subsequently served as the basis for studies

investigating the role of soil texture, plant water use characteristics, and climate in the

dynamics of the water cycle and plant populations [Fernandez-Illescas et al., 2001; van Wijk

and Rodriguez-Iturbe, 2002; Porporato et al., 2003b; 2004; Fernandez-Illescas and Rodriguez-

Iturbe, 2004]. This model is described here and follows closely the development of Rodriguez-

Iturbe et al. [2001a] and Laio et al. [2001a] with some minor modifications.

41



2.1.1 Soil water balance model

The daily-scale, vertically-averaged soil water balance is shown conceptually in Figure 2-1

and written as,

nZr ds(t) = P(t) - 1(t) - R [s(t), t] - E [s(t)] - L [s(t)] (2.1)
dt

where n [m4 m3] is the soil porosity, z, [m] is the root-zone depth, s [-] is the relative

soil saturation (i.e. s = 0/n), P is precipitation, I represents the evaporative losses due to

interception by the canopy, R is surface runoff, E is soil evaporation, T is transpiration, and

L is leakage below the soil column (all in units of [mm d-1]). The model is formulated with

the following assumptions [Rodriguez-Iturbe et al., 2001a]:

1. The model is applied at the plot scale, an area with a characteristic scale of a few

meters and represents a single tree or a small patch of grasses, shrubs, or bare soil.

2. The model only considers water fluxes in the vertical direction and, thus, best repre-

sents a horizontal plot. While R and L may exit (or enter) the modeled control volume

laterally, the horizontal components of these fluxes are driven by topographic effects,

which may be neglected for a flat plot.

3. The model is aggregated, or "lumped," in the vertical direction, such that heterogeneity

in the vertical profiles of root density and soil moisture is averaged. Soil moisture is

characterized by a single average value and the intricacies of root structure are captured

in a single parameter, z,.

4. Only saturation-excess runoff is permitted, there is no mechanism for infiltration-excess

runoff production.

5. The saturated zone is assumed to be located far enough below the root zone such that

it does not interact with the modeled soil moisture dynamics.

Rainfall and infiltration. The model is forced with a daily rainfall time-series gen-

erated either from observations or from a suitable probabilistic model of the processes gov-

erning rainfall arrival and intensity. Rainfall is commonly modeled as a poisson process,
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Figure 2-1: Conceptual bucket water balance model.

whereby the times between the arrivals of successive rainfall events, T [d], are assumed to be

independent and identically distributed following the exponential distribution,

fT(T) = Aexp (-AT) for T > 0 (2.2)

where A [d- 1 ] is the mean storm frequency, or the inverse of the mean inter-arrival time.

Similarly, rainfall depths are assumed to be exponentially distributed with mean a [m].

Rainfall partitioning for a storm of depth h [m] is determined instantaneously at the

event arrival time t = t*. Canopy interception losses are determined as a function of the

vegetated ground fraction v,

I(t*) = min [h(t*), imaxV] (2.3)

where imax [m] is a parameter describing the interception loss for a fully vegetated ground

surface (v is defined below). Infiltration and R are then determined from the remaining

rainfall volume (h' = h - I) by the antecedent soil moisture condition s(t*). Infiltration is

taken as the minimum of h'(t*) and the capacity of the soil to hold additional moisture at

that time, nZr [1 - s(t*)]. If nz, [1 - s(t*)] < h'(t*) the remainder is partitioned to runoff.
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Thus, the effective rainfall, or infiltration depth, is

Pe(t*) = P(t*) - J(t*) - R(t*) = min {h'(t*), nz, [1 - s(t*)]} (2.4)

and

R(t*) = max {0, h'(t*) - nz, [1 - s(t*)]} (2.5)

Evaporation and transpiration. The water balance in equation 2.1 is coupled with

a mechanistically simple evapotranspiration model. The daily average transpiration rate T

[mm d- 1 ] is defined as the product of a climate- and vegetation-specific potential transpira-

tion rate T, [mm d-1] and a linear scaling factor #3 that accounts for soil water deficit,

0 s < s"
8 - sW

T(s) = T- = T. ,* - SSW < S < s* (2.6)

1 S > s*

where sw [-] is the permanent wilting point, below which transpiration ceases, and s* [-] is

the incipient stress point, above which transpiration occurs at the potential rate.

T, in equation 2.6 can be expressed in terms of observable canopy characteristics. Net

carbon assimilation, transpiration, and stomatal conductance vary with depth in the canopy

as light is extinguished by upper canopy layers. The energy available for photosynthesis de-

creases exponentially with cumulative leaf area index (LAI, La [m2 leaf m- ground]) [Monsi

and Saeki, 2005] and stomatal conductance is proportional to the local irradiance through

the carbon assimilation rate [Leuning, 1995]. The total canopy water vapor conductance Gc

[mol H20 m- 2 ground s- 1] is then,

fLa

G g,"'c3, exp (-kl)dl = g"ax!#k- [1 - exp (-kLa)] (2.7)

where g"ax [mol H2 0 m 2 leaf s-1] is the light-saturated leaf-specific stomatal conductance

measured at the top-of-canopy and k [m2 ground m- 2 leaf] is the canopy light extinction
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coefficient. Under the diffusion analogy,

T = GcD = g"'X/k-1 [1 - exp (-kLa)] D (2.8)

where D [kPa kPa-1 ] is the vapor pressure deficit normalized by atmospheric pressure.

Bare soil evaporation is defined similarly,

E(s) = E#38 exp (-kLa) (2.9)

where #, takes the same form as equation 2.6, but E varies linearly between a maximum at

sw and 0 at the hygroscopic point, sh, and the factor exp (-kLa) accounts for the fraction

of energy that penetrates the canopy to the soil surface.

Leakage. Leakage below the root zone is assumed to depend on water content in a

fashion similar to the unsaturated hydraulic conductivity,

L~s) k, s' exp [N(s - Sfc)] - 1
exp [#(1 - sMc)] - 1

where k, [mm d-1] is the saturated hydraulic conductivity, c = 2b + 3 represents the decay

of conductivity with saturation, where b is the soil pore size distribution index, sfc is the soil

moisture at field capacity, and # = 2b + 4.

Although this model is very simple with respect to its representation of the underlying

physical and ecological processes, it does have its advantages. First, analytical solutions exist

for the statistical behavior of the water balance, when a poisson process is assumed for rainfall

generation. Second, the parameterizations are physically relevant, easy to understand, and,

when analytical solutions are not sought, lend themselves to rapid numerical integration.

Lastly, various indicators of ecological success can be derived directly from the water balance

output. These indicators are useful for the identification of optimal (or deviations from

optimal) ecosystem structure and function.
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2.1.2 Optimality hypotheses

Vegetation optimality hypotheses are a useful modeling approach and an interesting lens

through which to examine organization in nature. Some authors have used the idea to sim-

plify the modeling of extremely complex ecophysiological processes underlying vegetation

influence on land-atmosphere exchange [Eagleson, 1978a;b;c;d;e;f;g; Schymanski et al., 2009;

Sivandran, 2011]. In place of modeling the underlying process, these models represent the

outcome of that process and assume its dynamics conform to some pre-defined optimality

principle. For example, Sivandran [2011] models root dynamics under the assumption that

the rate of growth is that which maximizes #, at a given time. In contrast, root growth rates

are certainly determined by countless physical processes - roots sense and grow toward wa-

ter and nutrients [Nobel, 2009] (models of this behavior exist [Diggle, 1988; Dunbabin et al.,

2002]) and respond to gravity [Knight, 1806] - but it is the aggregate behavior that is ulti-

mately important for hydrologic modeling purposes. Others have combined the predictions

of these ecophysiological process models (of varying levels of complexity) with optimality hy-

potheses to demonstrate optimality in the observed environment [Caylor et al., 2004; 2005;

2009; Collins and Bras, 2007; Ivanov et al., 2008a;b; Hwang et al., 2009].

Several hypotheses have been suggested to govern the optimal organization of ecohydro-

logical systems, all stemming from Eagleson's original work. Eagleson initially proposed

two assumptions that allowed him to reduce the dimensionality of his annual water balance

model. First, within and between years, ecosystems achieve an equilibrium canopy density

that maximizes soil moisture (i.e. minimizes water stress) and, correspondingly, minimizes

evapotranspiration. Secondly, over evolutionary1 time-scales, given the equilibrium canopy

density, the species composition adjusts such that the transpiration rate per unit leaf area

is maximized. Together, these assumptions imply simultaneous maximization of the mean

growing season soil moisture and transpiration rate. The inconsistency of this proposal

with reality was quickly uncovered as the two objectives are in competition with one an-

other - simply put, the maximum soil moisture is always associated with zero transpiration

[Salvucci and Eagleson, 1992]. Indeed, observed vegetation characteristics correspond to a

soil moisture value of moderate stress that is lower than the theoretical maximum [Salvucci

'Eagleson's terminology, but may also be interpreted as ecological time-scales
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and Eagleson, 1992; Kochendorfer and Ramirez, 2010]. This indicates a potential trade-off

between transpiration and water stress, confirmed elsewhere in the literature [e.g. Kerkhoff

et al., 2004] on the basis that although transpiration must occur for plant growth, it simul-

taneously depletes soil moisture and induces water stress.

The growth-stress trade-off can be represented by properties of the water balance alone,

without invoking an additional model for the ecosystem carbon balance. Caylor et al. [2009]

expressed the trade-off as the maximum "stress-weighted transpiration" hypothesis, which

balances transpiration with water stress by maximizing their product, a surrogate for NPP,

( = T(1 - T) (2.11)

where the bar represents a temporal mean and x is the dynamic water stress defined below.

Water stress may be interpreted as the magnitude of an excursion below the maximum

transpiration rate, or,

S < s"

s(s) = s. < s < s* (2.12)
S* - sw

0 S > s*

where q is a parameter that accounts for possible non-linearities in the water stress response.

Because water stress affects photosynthesis and growth, stress effects are cumulative over

time. To address this point, a "dynamic" water stress was also proposed [Porporato et al.,

2001],

seas (2.13)
otherwise

where Tis [d] is the mean duration of each period spent below s*, iis- is the mean number of

times the water stress threshold is crossed, k is a parameter, and Tseas [d] is the length of the

growing season. This formulation accounts for the fact that plants respond to the frequency,

duration, and severity of water stress.

The maximum stress-weighted transpiration hypothesis makes several predictions for the
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optimization of plant water-use traits. In its original application [Caylor et al., 2009], it was

shown that tree-grass coexistence in an African savanna achieves a greater ( than either a

homogeneous woodland or grassland for a climate with high inter-annual rainfall variability.

In addition, the spatial distribution of trees, grasses, and shrubs along a large topographic

gradient in a semi-arid river basin was shown to be similar to that which maximizes (.

The theory also predicts an optimal ratio of lateral root radius to canopy radius for trees.

Therefore, ( seems to integrate the organization of plant-water interactions across a wide

range of scales [Caylor et al., 2009].

Other empirical evidence for ecohydrological optimality does exit. First, several examples

demonstrate that a minimum modeled water stress is associated with vegetation patterns

similar to those that are observed [Porporato et al., 2003b; Caylor et al., 2004; 2005]. Sec-

ondly, simultaneous observations of evapotranspiration and soil moisture, across a wide range

of ecosystem types, show that the most likely soil moisture state is that which maximizes

evapotranspiration [Emanuel et al., 2007]. In addition, model simulations were used to argue

that observed root distribution are those that confer maximum transpiration under given soil

and climate properties [Collins and Bras, 2007]. Lastly, when these optimality conditions are

assumed a priori to aid in dynamic simulations, modeled energy, water, and carbon fluxes

match well with observations [Schymanski et al., 2009; Sivandran, 2011]. Yet, despite such

comprehensive evidence for the optimization of ecosystem water use, the effect of nutrient

supply has yet to be studied from this perspective.

The role of soil nutrient supply in the plant-modulated soil water balance may be un-

derstood through variations in the canopy characteristics, La and g, (= gr"x3, equation

2.7). Eagleson's [1978a; 1978f] maximum transpiration hypothesis was originally expressed

as a maximization of the canopy conductance, or the product of the canopy density, M, and

transpiration efficiency, k, (i.e. Mk,). This product is analogous to the canopy conductance

given by equation 2.7, when normalized by 4&. In equation 2.7, g"' plays the role of k,

and k- 1 [1 - exp (-kL)] plays the role of M. If an optimal transpiration rate exists, this

constraint implies a trade-off between La and g,. This trade-off is confirmed by the model

in Figure 2-2 and will become a central part of our interpretation of the Loma Ridge field

observations below.
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Figure 2-2: Optimal leaf area index and stomatal conductance. Static (a) and dynamic
(b) stress-weighted transpiration as a function of leaf area index and transpiration per unit
leaf area (i.e. gD) for the soil, climate, and vegetation parameters: a = 15 mm, A - 0.1
d- 1, Ep=0.1 mm d-1, s, = 0.24, s* = 0.57, b = 5.39, k, = 200 mm d- 1 , n = 0.45,
Sh = 0-19, Sfc = 0.65; and (c) optimal La - g, combinations for several values of annual

rainfall (A E [0.1, 0.15,0.2] d-'). In (a) and (b), the color scale varies from black (minimum)
to white (maximum). In (c), the solid lines correspond to and the dashed lines correspond
to X.
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2.2 Loma Ridge

The Loma Ridge experimental site is located in the Santa Ana foothills in central Orange

County, California (33.742'N, 117.704'W) (Figure 2-3). The site is managed under the

auspices of the Irvine Ranch Conservancy (http://irvineranchconservancy.org) and operated

and maintained by the University of California, Irvine (UCI). The experiment was established

in 2006 and contributes to a broader effort to understand the impact of environmental change

on the function of California's ecosystems. The data analyzed and presented here were

collected and made freely available by members of the Michael Goulden Laboratory at UCI

(to which the present author is profoundly indebted and without which none of this work

would have been possible).

Figure 2-3: Loma Ridge regional and local context.
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2.2.1 Soil, climate, vegetation, and disturbance

A brief review of the prevailing vegetation-environment relationships at Loma Ridge provides

insight into the function of this ecosystem and a basis for interpretation of the following data

analysis. Loma Ridge refers to a region of the foothills separating the alluvial outwash known

as the Los Angeles basin (to the west) and the Santa Ana Mountains (to the east). The

Los Angeles basin is generally a few meters above sea level and hosts substantial urban

and suburban development. Within just a few kilometers of the experimental site are the

densely developed cities of Tustin, Irvine, and Lake Forest, some agricultural land, and major

transportation corridors. These land uses contribute to some of the highest N deposition

rates in the United States [Fenn et al., 2003]. By contrast, the Santa Ana Mountains are

generally undisturbed by human activity, protected as part of the Cleveland National Forest.

The vegetation is primarily composed of coastal sage scrub and chapparal communities,

characterized by dense stands of evergreen or drought-deciduous shrubs [Schoenherr, 1995].

The highest elevation is found at the 1,700 m summit of Santiago Peak.

Between the plain and mountains, the foothills rise to approximately 500 m, the highest

elevation of Loma Ridge. The experimental plots are located on a northwest facing hillslope,

just below the ridge. The elevation of the 200 m hillslope ranges between 345 and 370 m

with a slope of approximately 120. Below the hillslope, the site is dissected by two branches

of a deep-cut ephemeral stream with steep banks a few meters high. Soil sampling and

analysis indicate Loma Ridge grassland soils typically contain 67% sand, 14% clay, and 18%

silt and are relatively homogeneous with depth at least up to 2 m (unpublished data). This

soil composition is characterized as sandy loam (USDA), with properties as listed in Table

2.2 below.

A wide range of vegetation communities are found at Loma Ridge - including mixed

annual and perennial grassland, coastal sage scrub, evergreen shrubs, and larger trees. Trees

are exclusively found in the ephemeral channels, consistent with moisture accumulation

in convergent areas of the landscape. On the hillslope, aerial photographs clearly show a

marked contrast between the grass and coastal sage scrub communities (Figure 2-4). This

pattern is ostensibly related to topography, with the coastal sage scrub primarily found at
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higher elevations and grassland found near the channels. However, it does not seem to be

simply a result of topographic moisture redistribution. Heterogeneity in soil composition

likely dominates topographic redistribution in generating soil moisture patterns within the

experimental area because the adjacent hillslope is relatively flat (no curvature) and has a

relatively low slope of 12'. In addition, previous work has shown a localized patch of higher

soil moisture near the center of the experimental area within a surrounding homogeneous field

(data not shown). Alternative hypotheses for the vegetation patterning at this site include:

(1) greater clay content beneath coastal sage scrub; (2) the existence of a permeable soil layer

limiting infiltration and/or rooting depths beneath the grass community; or (3) a founder

control effect.

Figure 2-4: Aerial photograph of Loma Ridge experimental area, showing the grass, shrub,
and tree communities and their relationship to topography.
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In addition to spatial patterning in topography, soil moisture, and vegetation, the dy-

namics of this ecosystem are driven by the temporal fluctuations of climate. The climate in

Southern California is of a Mediterranean-type with cool, wet winters and dry, hot summers.

Annual rainfall is marked by high inter-annual variability that follows a lognormal distribu-

tion with median 282 mm yr' (Figure 2-5). In a typical year, approximately 90% of this

rainfall occurs between November and April, when net radiation and evaporative demand

are low (Figure 2-6). As the winter subsides, the oncoming summer is characterized by rising

net radiation, temperature, and evaporative demand. Rainfall is almost absent during the

summer months, May through September.

The primary growing season straddles this transition between wet and dry seasons, during

which water availability is high and temperatures have warmed to a level ideal for plant

growth. The first winter rains in October and November create a moist soil environment,

which initiates the germination of annual grass seeds. By the next substantial rainfall,

seedlings are prepared to begin a period of rapid growth [Barbour et al., 2007]. After the

end of the rainy season, the surface soil moisture store is no longer replenished, water stress is

induced, and the grasses enter their reproductive stage. During this time, biomass is allocated
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Figure 2-5: Rain gage observations summarized for the Santa Ana Fire Station, Tustin Irvine
Ranch, and Loma Ridge rain gages, providing 83 years of data. Annual rainfall follows a
log-normal distribution with p = 332 mm and o- = 208 mm (med=282 mm).
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Figure 2-6: Typical seasonal dynamics of climate and vegetation activity at Loma Ridge:
(a) reference evapotranspiration (ETo, bold black lines, obtained from the California
Irrigation Management System (http://wwwcimis.water.ca.gov/)) and precipitation (P,
thin black lines, Santiago Dam) and (b) LAI as measured by the MODIS satellite. For
ETo and P, the solid lines denote median values and the dashed lines denote the 25%
and 75% percentiles. For LAI, the solid line is the mean value and the dashed lines denote o-.

to seed production and leaf and root tissues senesce. Eventually, evapotranspiration is limited

by severe soil water deficit, surface temperatures increase, and both water and temperature

stresses cause physiological damage and mortality.

Although the seasonal dynamic is dominated by this rapid growth / rapid death be-

havior of the annual grasses and drought-deciduous shrubs, evergreen shrubs and trees also

contribute. Their activity can be characterized as consistent, but relatively low rates of pho-
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tosynthesis and transpiration. Growth of these functional types is supported by moisture

stored in deep soil layers and the saturated zone, such that their activity has a minimal

influence on the surface moisture dynamics. For these reasons, it is practical to ignore the

deeper-rooted species for the ecohydrological analysis of the grass community.

Finally, disturbance, including drought, fire, and grazing, is a common element of this

ecosystem. Historically, cattle and sheep grazed the site until the mid-1990s [Potts et al.,

2012]. A natural fire regime is often associated with the coastal sage scrub and chapparal

communities. Toward the end of the dry season, plant tissues desiccate and become sus-

ceptible to fires stoked by the warm air brought from the desert by the Santa Ana winds

[Schoenherr, 1995]. Fire return intervals at Southern California sites range between 5 and 100

years and average 30-40 years over the region [Keeley and Fotheringham, 2001]. It has been

argued whether these fire frequencies have been reduced by modern fire suppression activities

[Minnich, 1983; Keeley and Fotheringham, 2001]. In addition to fire, high inter-annual vari-

ability in rainfall imposes frequent drought on this ecosystem. Using the log-normal model

introduced above, the return interval for drought 25% below the long-term median is 31 yr.

Both a severe drought (rainfall was 20% of the median and the minimum on record) and a

fire (that destroyed much of the experimental setup) occurred in October 2007, shortly after

the start of the experimental program. This somewhat fortuitous event provides a unique

opportunity to study the dynamics of disturbance recovery in this ecosystem.

2.2.2 Experimental setup

Factorial plot experiments were established in 2007 to study ecosystem responses to chang-

ing climate and increased nitrogen deposition. Twenty-four plots (approx. 6.1x8.5 m) are

arranged within each of the grassland and coastal sage scrub communities, as shown by the

solid dots and squares in Figure 2-7. All plots were burned in the October 2007 Santiago

wildfire.

The plots are divided into eight groups of three water input treatments: ambient, ambient

minus 40% (dry), and ambient plus 40% (wet). Rainfall is excluded from dry plots with

retractable polyethylene roofs that were closed during approximately half of the rain events
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(closed < 5% of the days during a year). Water draining from the roofs was collected in

polyethylene tanks for subsequent application to the wet plots using pressure compensated

drip tubing. Excluded events and irrigation rates are chosen to simulate observed patterns

in storm frequency and intensity.

Each plot is split lengthwise and half of the ground area is fertilized and half remains

unfertilized (control). Plots are fertilized with 2 gN m-2 immediate release calcium nitrate

(15.5-0-0+19% Ca) prior to the growing season and 4 gN m-2 100-day release calcium nitrate

during the growing season. These deposition rates are similar to those occurring in the more

urbanized areas of Los Angeles and Orange Counties [Fenn et al., 2003].

-z[m] 0 25 50 100m
i I

o grass 0 dry (RF-40%)
7 shrub 0 ambient (RF)

* wet (RF+40%)

3m

Control Fertilized
(xN) (+N)

Figure 2-7: Loma Ridge experimental site layout.
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Several physical and ecophysiological observations are collected within the experimental

plots and are summarized in Table 2.1. In addition to these plot-level measurements, an

eddy covariance tower is located in a similar grassland community approximately 1 km from

the experimental site. These observations are used below to investigate the role of nitrogen

supply in the ecohydrologic dynamics of this ecosystem (and to validate model results in

subsequent chapters).

Table 2.1: Plot-scale observations collected at Loma Ridge 2007-present.

Observation Method Frequency

Species composition

Soil water content

Precipitation

Leaf area index

point-intercept method with
100 points selected in a
1.5x0.5 m area

15 15-cm TDR 1 (MiniTrase, ICT
Intl.)

30 30-cm TDR' (HydroSense,
Campbell Sci.)

P Tipping bucket rain gage

La PAR 2 measured by SunScan
Canopy Analysis System

(Dynamax)

annually at the end of t
growing season

~ 2 - 4 weeks, x3 per plot

~ 2 - 4 weeks, x4 per plot

30 min

~ 2 - 4 weeks during t
growing season

Leaf gas exchange

ANPP 3

gs, An Open-path gas
6400, LiCor)

harvest two
biomass strips

analyzer (LI-

14x50 cm

~ 2 -8 weeks, March through
July

annually following the grow-
ing season

'Time-domain reflectometer
2 Photosynthetically active radiation
3 Above-ground net primary productivity
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2.2.3 Data analysis and model parameters

The data summarized in Table 2.1 were used (1) to identify the response of grassland ecosys-

tem characteristics to varying water and nitrogen supplies; (2) to constrain the water balance

directly from the observations; and (3) to estimate parameters for the stochastic water bal-

ance model. Methods used to convert some of the direct observations into modeled parame-

ters (e.g. PAR to LAI), to estimate rainfall model parameters, and to estimate observational

errors are described in this section. The remaining parameters needed for the water balance

model are summarized in Table 2.2 with references.

Leaf area index. Leaf area index, La, is estimated from direct observations of photo-

synthetically active radiation (PAR). Subcanopy PAR [mmol m 2 s-1] was measured in each

plot with the SunScan Canopy Analysis System (Dynamax). To compute a plot-scale value,

a single measurement was taken at the top of the canopy and 5 evenly spaced measurements

were taken below the canopy. For each independent below-canopy observation, i, Li was

calculated from PAR assuming exponential light attenuation within the canopy,

Li = -k-1 In ( f AR) (2.14

where f-JAR =PARe',ow/PARabove [-] is the fraction of PAR transmitted through the canopy

and k = 0.5 for grassland [Monsi and Saeki, 2005]. Random observational error at the plot

scale was then estimated as the standard error of the 5 independent measurements,

SELJt - (2.15)

To compute an LAI error estimate at the landscape scale, the 8 values computed above in

each plot are combined,

SEa=d ( SE (s Ot) (2.16)

In both cases, average values are taken as the arithmetic mean. This method of plot- and

landscape-scale mean and random error estimates is applied to each of the observations -

soil water content, leaf gas exchange, and ANPP.
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Scaling leaf gas exchange measurements. Instantaneous stomatal conductance to

water vapor was collected under conditions of peak sunlight and vapor pressure deficit be-

tween 10 am and 2 pm. Because the water balance model is applied at the daily scale,

these measurements must be scaled to a daily average value. To do this, it is assumed that

stomatal conductance and leaf transpiration follow an assumed diurnal pattern related to

incoming solar radiation [Daly et al., 2004a],

$(t) = [-t 2 + (6 + 2to)t - to(to + 6)] (2.17)

where #t [-] is the fraction of the observed maximum mid-day value, t is the hour of the day,

to = 6 is the time of sunrise, and 6 = 12 is the day length. To convert stomatal conductance

to transpiration rate per leaf area, g, is multiplied by the vapor pressure deficit, D, calculated

from air temperature and relative humidity collected at the time of measurement. Daily leaf

transpiration, Teaf [mm d-1] plotted in figures 2-15, 2-16, and 2-17 is thus,

/24
Tia ob S(obs qobS) 0/(t) dt (2.18)

Water stress correction for Mediterranean ecosystems. Because Loma Ridge

experiences a Mediterranean climate, water stress (equation 2.12) must be corrected to

account for the antecedent moisture condition at the beginning of the growing season that

results from early winter rains. This correction is related to the mean first passage time, Ts,

for soil moisture to cross s* given an initial soil moisture so and is given by [Rodriguez-Iturbe

et al., 2001b],
, TS - Tseas

X X Tseas (2.19)

Rainfall model. An exponential distribution is assumed for rainfall depth and inter-

storm arrival time at the daily scale. The parameters a and A are estimated from the Santa

Ana Fire Station daily rainfall record. The exponential model fit is demonstrated in Figure

2-8. The model reproduces the majority of rainfall variability, capturing approximately 99%

of the mass of the storm depth distribution and approximately 90-95% of that of the inter-

59



storm duration distribution. The model tends to over-predict the depths of high-intensity

storms arid the durations of long inter-storm periods, both of which rarely occur. At the

annual scale, these effects compensate each other and the model reproduces the median an-

nual rainfall to within 2.5% (P = aAT 8ces = 11.3 -0.17 - 150 = 289 mm). This behavior is

typical for the exponential model and may be improved by either applying a minimum storm

aggregation time [Restrepo-Posada and Eagleson, 1982] or by applying a multi-scale model

[Islam et al., 1990]. Regardless, the model performs very well for its relative simplicity, which

will be further demonstrated in the results below, and, for that reason, is retained here.

0 50 100
Storm depth [mm]

0.9995
0.999

0.995
0.99

0.95
0.9

0.75
0.5

0.05
150 0 20 40 60 80

Inter-storm duration [d]

Figure 2-8: Exponential rainfall model fit. The dashed lines represent the theoretical prob-
ability density functions for an exponential distribution with mean a = 11.3 mm (left) and
A-' = 5.9 d (right). The black dots are daily observations from Santa Ana Fire Station.
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Table 2.2: Soil water balance model parameters.

Parameter Value Units Reference

Vegetation

Point of incipient stress s* 0.46 Laio et al. [2001a]
Wilting point s. 0.18
Stress response exponent q 3 Porporato et al. [2001]
Dynamic stress parameter k 1
Active soil depth z, 40 cm Holmes and Rice [1996]

Schenk and Jackson [2002a]

Climatel

Mean rainfall depth a 11.3 mm Figure 2-8
Mean storm frequency A 0.17 d- 1  Figure 2-8
Maximum soil evaporation E, 0.1 mm d- 1  Porporato et al. [2001]
Growing season length Tseas 150 d Figure 2-6

Soil

Porosity n 0.43 m2 m-2 Rawls et al. [1982]
Field capacity Sfc 0.56 "
Hygroscopic point Sh 0.14
Saturated hydraulic conductivity k, 80 cm d- "
Pore-size distribution index b 4.9
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2.3 Results

Loma Ridge experimental data are presented in the following section.2 The discussion

begins by looking at vegetation responses to varying water and nitrogen inputs, within

and between years (2007-2011). Then, observations of the water balance are analyzed to

ascertain the hydrologic response to varying water and nitrogen inputs. This includes direct

observations of soil water content and indirect estimates of transpiration, derived from leaf

gas exchange and leaf area index measurements. Finally, the observations are compared to

the optimal vegetation characteristics determined from the stochastic water balance model

output.

2.3.1 Experimental observations

ANPP and leaf area production are co-limited by water and nitrogen availability (Figure

2-9). In general, ANPP and LAI responded positively to fertilization. However, this effect

is not consistent between years or between water input treatments. Under conditions of

strong water limitation, fertilization had almost no effect. This occurs in all water input

plots during the drought year of 2007 and in the dry water input plots when water input

is below approximately 200 mm. In the next two growing seasons, 2008 and 2009, ANPP

and LAI exhibited the largest response to fertilization. The response was lower in 2010

and not consistently present in 2011,3 despite the fact that rainfall increased from 2009 to

2011 (Figure 2-5). A similar decay is also apparent in the LAI time-series derived from

the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard the Terra satellite

(Figure 2-10). These observations indicate a decrease in productivity and its response to

fertilization with time following fire (and/or drought) that does not seem to be linked with

annual rainfall.

It is hypothesized that this effect may be due to (1) a pulse of nitrogen availability

following fire and/or drought or (2) the removal of litter by fire, factors reminiscent of

the transient maxima hypothesis [Seastedt and Knapp, 1993]. Both fire and drought may

2 Some of the data and conclusions presented here were previously presented in conference or seminar
presentations.

3 Only ANPP data was available in 2011 because the LAI meter malfunctioned.
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Figure 2-9: Plot-scale ANPP and LAI measured over the multi-year experiment. The solid
lines denote control plots and the dashed lines denote fertilized plots.
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Figure 2-10: Seasonal and inter-annual dynamics of LAI derived from MODIS. The solid
line represents the mean of three 1 km pixels within 1.5 km of the eddy covariance tower
and the dashed lines indicate one standard deviation from the mean.
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cause a short-term abundance of nitrogen availability. When fire is absent from the system,

nitrogen accumulates in the soil as light availability above-ground is the primary factor

limiting productivity and the nitrogen uptake rate is therefore less than the potential rate.

This accumulated nitrogen then becomes available when fire removes accumulated litter and

light limitation is released. Also, because productivity depends strongly on water availability,

drought may also increase nitrogen availability in subsequent years by limiting mineralization

and uptake during the drought year. These effects are diminished in following years as either

nitrogen is sequestered in organic matter or litter re-accumulates on the surface.

In addition to ANPP and LAI measured at the plot-scale, leaf-scale gas exchange obser-

vations also exhibited a response to fertilization (Figure 2-11).4 Stomatal conductance to

water vapor, g,, and net carbon assimilation, A,, were measured with an open-path leaf gas

exchange system (LiCor, LI-6400). In general, A, increased and g, decreased with fertiliza-

tion, with a stronger effect in the ambient and wet plots as compared to the dry plots. A,

only increased in the ambient plots, consistent with ANPP and LAI responses. The positive

response of ANPP and LAI, which is greatest in ambient plots, can therefore be partially

attributed to an observed increase in leaf-level rates of photosynthesis.

From Figures 2-9, 2-10, and 2-11, it is clear that Loma Ridge grasses respond to both

water and nitrogen availability by increasing photosynthesis, producing more biomass and

leaf area, and simultaneously decreasing leaf-level transpiration rates. Leaf area determines

the surface area over which water evaporates and becomes available for transport into the

atmosphere and, thus, controls transpiration. Therefore, it is expected that the fertilizer-

induced increase in LAI will be accompanied by an increase in transpiration. However, the

leaf gas exchange measurements suggest that the LAI increase may be partially or fully

offset by decreased g,. This hypothesis is now tested with estimates of the components of

the Loma Ridge soil water balance.

The surface soil water content, 0, describes the cumulative behavior of the terrestrial

water balance. Each of the surface water fluxes (evaporation, transpiration, runoff, and

4 Gas exchange data is presented for 4 days during the 2008 growing season, for which data quality was
acceptable. I am indebted to Matt Gilbert of the Holbrook Lab at Harvard University for assistance in
evaluating the usefulness of this data. It is fortunate that this data aligns with the year in which the largest
LAI response to fertilization was observed.
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Figure 2-12: Soil water content in control and fertilized plots. The gray dots represent side-
by-side comparisons within each of the 24 experimental plots and the black dots represent
hillslope-scale averages (pL ± SE, n = 8). These plots combine 15-cm and 30-cm TDR data
collected between 2007 and 2011.

leakage) depends on this quantity through the soil hydraulic properties. Measurements of

015 and 030 indicate no significant influence of fertilization in all water input treatments

(Figure 2-12). Equivalent 0 suggests at least the sums of the water fluxes are equivalent

among ambient and fertilized plots. The scale of these observations is likely smaller than

the rooting depth of the grass species at this site [Holmes and Rice, 19961, so it is not an

exact representation of the root zone water content as defined in equation 2.1. Also, note the

substantial variability in the side-by-side comparison around the 1:1 line (gray dots). This

scatter is attributed to landscape variability in soil hydraulic properties. Although single

plots may demonstrate a fertilization effect on 0, when taken together these effects are not

discernible at the landscape scale.

To determine whether this consistency in soil moisture observations can be explained by

transpiration, Gc is calculated from the canopy characteristics that control transpiration, La

and g, (Figure 2-13). Two distinct regimes are evident in the data. When water is strongly

limiting, canopies exhibit low LAI and g, in both control and fertilized plots. This occurs in

the dry plots (circles) and late in the season (10 April, closed symbols). When water is less

limiting, LAI increases (a), but g, decreases (b) in fertilized plots. These canopy changes

offset one another, leading to a similar Gc (c). Therefore, under conditions of low water
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Figure 2-13: Comparison of canopy attributes in control (xN) and fertilized (+N) plots: (a)
LAI, (b) light-saturated top-of- canopy stomatal conductance, and (c) canopy-scale conduc-
tance (p± SE, n = 8). The symbols indicate water input treatment (o=dry; El=ambient;
A=wet) and the shading indicates the date of measurement (open symbols: 13, 17, and 25
March; shaded symbols: 10 April). The black dashed line indicates y = x and the black
solid lines represent interpreted relationships between the variables.

stress, the unfertilized and fertilized grasses achieve the same G, via unique L - g, pairs.

Unfertilized plots are characterized by low La, high g, canopies; whereas fertilized plots are

high La and low g,.

In addition to the calculation of Gc, canopy-scale transpiration can be estimated from

the plot- and leaf-scale measurements using the Penman-Monteith equation,

A E =AR + pCpDga (2.20)
A + - [1 + g/Gc]

where A [kPa K-1] is the slope of the Clausius-Clapeyron relationship, pa [kg m- 3] is the

density of air, C, [J kg-- K-1] is the specific heat capacity of air, ga [m s-1] is the atmospheric

conductance (see Chapter 3, equation 3.7), and -y = 0.067 [kPa K-1] is the psychrometric

constant.

Canopy-scale AE estimates may contain substantial errors attributable to both instru-

ment error in the underlying measurements and landscape variability within and between

plots. To understand the effect of these errors on this analysis, the AE estimates upscaled
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from leaf-scale measurements are compared to canopy-scale AE as measured by the nearby

eddy covariance tower in Figure 2-14. Eddy covariance estimates are associated with an error

of 10-20% [Goulden et al., 1996; Wilson et al., 2002] and uncertainty in G, at the landscape

scale is of a similar order (Figure 2-13). Given these uncertainties, the upscaled estimates are

a reasonable approximation of the AE flux, which is indistinguishable between the control

and fertilized plots on the first three days of measurement. On these days, LAI is at its

peak and grass transpiration likely dominates the water balance. On April 10, however, the

upscaled estimate is much lower than that measured by eddy covariance. At this point in the

season, grass photosynthetic activity has slowed substantially (Figure 2-11), and the eddy

covariance tower is thus likely measuring soil evaporation and/or transpiration from nearby

evergreen trees.

Finally, in addition to addressing the errors, we must also be cognizant of the fact that at

any time AE may be limited by either the atmospheric water demand or the soil-vegetation

water supply. The equivalence of the control and fertilized fluxes is only interesting from the

perspective of ecological organization if indeed the vegetation controls AE. Otherwise, if it

is climate controlled, the fluxes should be the same, because the plots experience the same

climate. In Figure 2-14, the stomatal, leaf boundary layer, and atmospheric conductances

are plotted for the 4 days with observations. Here, we see that at the time of measurement,

the stomatal conductance is always lower than the others during daylight hours, indicating

it as the most limiting factor in the soil-vegetation-atmosphere pathway.

The analysis above demonstrates that the soil water balance in Loma Ridge grassland

is relatively insensitive to nitrogen fertilization. Although the ecosystem clearly responds

to fertilization by various mechanisms at the leaf- and plot-scales, their cumulative effect

results in a similar water balance. These observations are now compared to results from the

stochastic water balance model to determine whether they are consistent with the optimality

hypothesis of maximum stress-weighted transpiration.
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Figure 2-14: Canopy-scale evapotranspiration estimates and relative limitation by surface
water supply and atmospheric water demand. In the top panel, eddy covariance estimates
(gray dots) are compared to AE estimates from leaf- and plot-scale data (black lines). In
the bottom panel, g, (solid line), gb (dashed line), and g, (dot-dashed line) are compared.
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2.3.2 Model results

Optimal La - g, curves derived from water balance simulations with the parameters listed in

Table 2.2 are drawn in Figure 2-15. Given the estimated landscape variability, the observed

La - g, pairs for the ambient and wet water input treatments fall within an optimal range

defined by the long-term median annual rainfall and bracketed by water stress parameter

q - 1 and q = 3. This result indicates the Loma Ridge canopy seems to exhibit an optimized

state with respect to transpiration and water stress, regardless of the level of nitrogen input.

This state is characterized by (1) a transpiration rate, controlled by water supply under the

prevailing soil and climate conditions, and (2) canopy characteristics La and gs, modulated

by nitrogen supply. The existence of a single optimal La - gs state with respect to water sup-

ply and demand was hypothesized and calculated by Eagleson [2002] (see his Figure 7.10).

The data here suggests that, while the optimal transpiration rate is constrained by hydrologi-

cal mechanisms, changes in nitrogen supply move the realized state along this constraint line.

3
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Figure 2-15: Maximum stress-weighted transpiration curves compared with La gs obser-
vations (open symbols p±SE). The shaded areas represent a range of simulations under
conditions of median rainfall, bounded below by q =1 and above by q = 3. The dashed
lines represent q = 2. In each case, a stochastic realization of the exponential rainfall model
was scaled to match the water input volume for the 2008 growing season (133, 223, and 305
mm, respectively) and denoted by the bold dashed lines (q = 3).
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The observations are not entirely consistent with the optimality hypothesis, however.

First, canopy characteristics in the dry plots are much lower than those predicted by the

model. This is likely due to the fact that the dry plots received 133 mm of rainfall in 2008,

less than that needed to support a measurable level of productivity as shown in Figure

2-9. Secondly, although the ambient and wet predictions correspond fairly well with the

observations given the simplicity of the model, the model tends to over-predict the observed

state in the ambient plots and under-predict in the wet plots. The shaded region is defined

for an annual rainfall of 289 mm, whereas the ambient and wet plots received 223 and 305 mm

in 2008, respectively. When the model simulations are conducted with the actual 2008 water

input (bold dashed line, q = 3), the prediction is improved in the wet case and performs

equally well in the ambient case. However, in the ambient case, the prediction decreases

substantially from the median rainfall condition.

The discrepancy between the observed and modeled data can be partially explained by

evaluating the choice of rooting depth, z,. z, = 40 cm for all simulations shown in Figure

2-15, a value chosen based on observations of annual grass rooting depth in other ecosystems.

Holmes and Rice [1996] observed the roots of Bromus spp. to be primarily located above

30 cm in a similar California ecosystem that received twice as much rainfall (609 mm). The

global mean root depth for annual grasses is approximately 50 cm and the global mean

for an annual rainfall of 300 mm is approximately 40 cm [Schenk and Jackson, 2002a]. z,

varies with climate and between seasons, mostly responding to climate and soil factors that

determine infiltration depths [Schenk and Jackson, 2002a; Laio et al., 2006; Collins and Bras,

2007; Sivandran, 2011]. Thus, it is reasonable to expect z, to vary between the ambient and

wet water input treatments. Although direct observations of rooting depth are not available

at Loma Ridge, we can combine the canopy observations and the optimality hypothesis to

generate an estimate. The following problem is therefore posed - identify the z, such that (

is maximized at the observed transpiration rate, or formally,

F = max [T(1 - )] (2.21)
Zr

subject to the constraint Tp Tb,. The state-space of this optimization problem is depicted
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in Figure 2-16. As z, increases, ( increases and the optimal T, decreases. The z, values

that correspond to Tob, are 30 cm and 40 cm for ambient and wet water input treatments,

respectively, which fall within the observed range and increase with water input, as expected.

Note the ((Tp) curves exhibit a plateau at their maximum, indicating a potentially wide range

of transpiration rates and root depths consistent with this hypothesis. Results from the water

balance model using the optimized values of z, are shown in Figure 2-17 and correspond well

with the observations. This procedure may offer a novel method for inferring root depth

from more easily collected above-ground observations.

This synthesis of data collected in the Loma Ridge semi-arid annual grassland demon-

strates that a suite of ecophysiological traits respond simultaneously to water and nitrogen

supplies. For constant water supply, several lines of evidence from observations and theory

suggest that ecosystem water use is balanced such that a consistent growth-stress trade-off is

achieved in both the control and fertilized plots. A trade-off between canopy density and leaf

conductance, dependent on the nitrogen supply rate, facilitates this balance. When rainfall

varies, model simulations confirm rooting depth and its effect on water supply modulate the

optimal transpiration rate. Therefore, both root and canopy characteristics are important to
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Figure 2-16: Stress-weighted transpiration as a function of T, for several values of zr, q 3,
and ambient (left) and wet (right) water input treatments. The solid lines correspond to
Z'r C [20, 40, 60, 80, 100] cm and the dashed line indicates the observed transpiration rate.
The bold lines delineate the maximum T, for each zr.
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Figure 2-17: Maximum stress-weighted transpiration curves with the optimal z, compared
with La - g, observations (p±SE). z, = 30 for the ambient plots (left), z, = 40 cm for the
wet plots (right), and q = 3.

understanding the ecohydrological response to varying water and nitrogen supplies. While

not directly observed, a chain of physical and biochemical mechanisms likely underlie the

coordination of plant traits with water and nitrogen supplies. Plausible mechanisms are

introduced below as the Loma Ridge results are discussed in the context of other similar

studies.

2.4 Discussion

Plant ecophysiological traits and environmental stimuli vary in concert over a range of

temporal scales. For example, at the leaf scale, stomatal aperture and rates of photosynthesis

respond to high frequency fluctuations of radiation and humidity within seconds to minutes.

These leaf traits, as well as root and canopy development at the individual and community

scales, also respond to variability in soil moisture and nutrient supplies, which evolve at the

daily to seasonal time-scales. Between seasons and generations, ecological processes such

as competition, disturbance, and succession lead to changes in species composition and,

over even longer time-scales, evolutionary processes alter the genetic make-up of the species

pool. The observed canopy characteristics and fluxes at Loma Ridge are thus an integrated
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expression of multi-scale interactions occurring over the entire history of the ecosystem.

Mechanisms underlying these interactions, that can be tested with existing modeling tools,

are introduced here as alternative hypotheses to explain the observations.

Few generalizations can be made regarding the hydrologic response to fertilization in

other experiments at sites similar to Loma Ridge. In a Northern California annual grassland

(receiving 1318, 766, 721, and 566 mm during the four observed growing seasons), mean 30-

cm soil moisture across eight plots decreased approximately 1-2% in fertilized plots [Zavaleta

et al., 2003]. However, this minor decrease was only observed briefly during the summer of

two of the four years. LAI and g, were not measured in this study, but NPP did respond

positively to fertilization [Shaw et al., 2002]. In another annual grassland only a few miles

from Loma Ridge, mean 15-cm soil moisture across four plots decreased approximately 2% in

fertilized plots during one growing season [Harpole et al., 2007]. This decrease was associated

with increased above-ground biomass and LAI and was also observed in irrigated plots.

Gas exchange measurements were only collected at the end of the growing season in May

and, therefore, are likely a better characterization of the fluxes during the reproductive

or senescent phases, rather than during the growing phase as observed at Loma Ridge.

Interestingly, ET was lower in the fertilized plots at this time. Neither study reported

landscape variability in soil moisture. The former study did not report an aggregate spatial

scale, whereas the latter study was conducted over an area approximately 1.5x10 m. Loma

Ridge observations were replicated in eight plots over an area approximately 50x150 m.

Despite these differences in experimental methods, the observed changes in soil moisture are

consistent. The observed soil moisture differences account for no more than 6 mm water

(AO - Ztdr = 0.02 - 30 = 6), or only 1-2% of rainfall at these sites.

While the observed increases in photosynthesis, productivity, and LAI are consistent

with other nitrogen addition studies, consensus regarding the mechanisms behind the si-

multaneous decrease in stomatal conductance is lacking. In early studies conducted under

well-watered, controlled laboratory conditions, g, increased linearly with leaf nitrogen con-

tent [Hunt et al., 1985a; Sage and Pearcy, 1987] and canopy-scale transpiration increased

with nitrogen supply rate [Polley et al., 1999]. These plant water use results were associated

with corresponding canopy changes, either increased above-ground biomass allocation [Sage
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and Pearcy, 1987; Polley et al., 1999] or increased leaf area [Hunt et al., 1985b] and are

consistent with the observed linear relationships between gs, photosynthesis, and leaf nitro-

gen content [Evans, 1989]. More recent studies conducted under natural hydrologic regimes

indicate a more complex picture, in which plant water use depends on the response of several

traits to both nitrogen and water supply rates. g, in fertilized Pinus taeda stands completely

compensated for increased LAI under natural soil moisture conditions, but was not affected

when irrigation was also applied [Ewers et al., 2000]. Reduced g, in this study was associated

with reduced root and leaf hydraulic conductivity. In another study, hydraulic conductance

and gs decreased in fertilized woody savanna species, but whole plant water use increased due

to a larger relative increase in LAI [Bucci et al., 2006]. These changes resulted in decreased

leaf water potential, but fertilized trees were also less susceptible to xylem cavitation. Thus,

from a mechanistic viewpoint, fertilization responses are likely mediated by the hydraulic

conductivity and status of the soil-plant water pathway. Mechanisms of hydraulic limita-

tion are simulated in a number of theoretical and operational models [Sperry et al., 1998;

Williams et al., 2001; Katul et al., 2003; Hickler et al., 2006] and would account for feedback

between LAI and g, if it is hydraulically driven.

While the exact underlying physical mechanisms are just recently being uncovered, a

mature theory of stomatal optimization does exist. For example, observations from "low

nutrient" woodland in Australia suggest g, decreases with leaf nitrogen content, when com-

pared between high and low rainfall sites [ Wright et al., 2003]. This behavior is explained

as an optimal trade-off between water and nitrogen use, an idea also discussed by several

others [Cowan and Farquhar, 1977; Hunt et al., 1985a;c; Fredeen et al., 1991]. Optimization

of g, can be interpreted at diurnal [Cowan and Farquhar, 1977] and ecological [Fredeen et al.,

1991; Wright et al., 2003] time-scales and, given the rapid acclimation capable of Loma Ridge

annual grasses, may explain the result in Figure 2-13.

Moving from the leaf to the whole plant scale, the relative allocation of biomass between

below-ground (roots) and above-ground (stems, shoots, and leaves) tissues also responds to

water and nitrogen supplies and may alter the ecosystem water balance. As compared to the

rapid response of stomatal conductance, changes in allocation typically occur over days to

weeks, or on the order of carbon turnover rates in leaf and root tissues. Allocation is thought
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to be controlled by the relative growth limitation of environmental resources. The "balanced

growth hypothesis" assumes plants allocate more biomass to the organs that acquire the most

limiting resource [Shipley and Meziane, 2002, and references]. For example, when water is

the resource most limiting to growth, plants allocate more biomass to roots to search for

more water. This occurs toward the end of the growing season in seasonally-dry ecosystems

like Loma Ridge. Root-leaf allocation also depends on the balance between above-ground

light availability and below-ground nutrient availability and the level of competition for the

two resources [Reynolds and Pacala, 1993; Vincent and Vincent, 1996; Shipley and Meziane,

2002]. Observed allocation patterns have been explained under the assumption that plants

compete most strongly for the most limiting resource. Therefore, a deficit in soil nitrogen

supply relative to light supply will induce an increase in root allocation (and vice versa). It

is plausible that Loma Ridge grasses respond to fertilization by increasing biomass allocation

above-ground as the limiting resource shifts from below-ground (nitrogen) to above-ground

(light). In this way, the soil water balance may depend on nitrogen supply through the

root-leaf allocation strategy. This topic is investigated further in Chapter 4.

Beyond these root and leaf responses, environmental fluctuations also interact with eco-

logical processes, such as competition, disturbance, and succession, and evolutionary pro-

cesses (an idea fundamental to Eagleson's hypotheses). Of all the existing species, the

collection found in a given ecosystem arises through competition for limiting resources and

the avoidance or tolerance of disturbance and stresses. In annual grassland, these processes

can lead to inter-annual variability in species composition. At Loma Ridge, species com-

position varies between all experimental treatments, but during the 2008 growing season

annual grasses and forbs with presumably similar water use and growth rates were dominant

in all treatments (96% cover on average). Thus, these changes are likely not important for

the single growing season analysis conducted here. The same can be said of evolutionary

processes, because their effects are likely only observed over several generations. Therefore,

a mechanistic explanation for the hydrologic response to fertilization in this ecosystem can

focus on organ- to plant-scale mechanisms.
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2.5 Conclusions

In this chapter, observations from a unique factorial water and nitrogen addition ex-

periment in a semi-arid annual grassland were analyzed to identify the effect of nitrogen

fertilization on the relationships between ecological and hydrological processes. It was con-

cluded that the surface soil water balance was relatively insensitive to nitrogen fertilization,

owing to the opposing responses of canopy density and leaf conductance. Further, results

from a simplified soil water balance model provide evidence that the observed responses may

be associated with an optimal trade-off between photosynthesis and water stress. However,

natural variability in rooting depth and water stress response, not captured by the model

parameterization, limits the interpretation of these results. While the model analysis pro-

vides an interesting null hypothesis for ecosystem interactions between the water, carbon,

and nitrogen cycles, it does not provide any further insight into the underlying mechanisms

governing these interactions. The remainder of this thesis seeks to characterize these under-

lying mechanisms while demonstrating the importance of viewing ecosystems as integrated

hydrologic and biogeochemical systems.
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Chapter 3

Ecosystem modeling with coupled water,
carbon, and nitrogen dynamics

The analysis in Chapter 2 suggests that the observed water balance at Loma Ridge results

from the simultaneous optimization of LAI and g, with respect to the competing objectives

of maximum transpiration and minimum water stress. This inference was made using infor-

mation from the water balance only and did not explicitly account for the ecosystem carbon

and nitrogen balances. In Chapter 3, a modeling approach coupling the water, carbon, and

nitrogen balances is introduced to investigate the mechanistic basis underlying the observed

fertilization responses. The objectives for the model developed here are (1) to effectively cou-

ple the water, carbon, and nitrogen cycles at the daily scale and (2) to provide an acceptable

approximation of the seasonal variability in biomass accumulation, from which the relative

ecological success of various resource use strategies can be inferred. Daily-scale model param-

eterizations are derived from a physically-based model of the diurnal surface energy, water,

and carbon fluxes validated against eddy covariance measurements. The resulting functional

relationships between net primary productivity, plant nitrogen content, and soil moisture

are shown to be applicable to the seasonal and inter-annual dynamics of this ecosystem.
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3.1 A daily-scale parameterization for photosynthesis as a func-
tion of stomatal conductance and leaf nitrogen content

3.1.1 Ecosystem control of surface fluxes: stomatal conductance

and leaf gas exchange

With respect to the first objective above, the most important feature that must be addressed

is the dependence of leaf water vapor and carbon dioxide exchange on water and nitrogen

availability. The influence of vegetation in land-atmosphere exchange is typically modeled

through a semi-empirical representation of g, and net carbon assimilation, A., which control

the diffusion of water vapor and CO 2 across the stomata. These models attempt to capture

the basic features of stomatal movement - stomata open to capture CO 2 for photosynthesis

and close in response to either low soil water supply or high atmospheric water demand -

and apply at the time-scale of typical leaf gas exchange or eddy covariance observations, on

the order of several minutes to one hour.

The choice of models for this study is now justified. Model parameterizations are only

detailed here in cases where they are needed to demonstrate a critical point in the approach

or where they were not previously published. In all other cases, the appropriate references

are included. The reader is referred to Daly et al. [2004a], Ivanov [2006], and Oleson et al.

[2010] for examples of the models discussed here.

Two general gs models have been adopted in the literature, hereafter referred to as the

"Leuning" and "Jarvis" approaches. The Leuning model developed from the work of Ball

et al. [1987], Collatz et al. [1991], and Leuning [1995] and explicitly represents the observed

correlation between g, and An [Leuning, 1995]. This model is commonly implemented in

land surface models (LSMs) [e.g. Sitch et al., 2003; Krinner et al., 2005; Oleson et al., 2010;

Zaehle and Friend, 2010; Niu et al., 2011]. The Jarvis model was proposed by Jarvis [1976]

and applied by Federer [1979; 1982]. It treats g, as mathematically independent of An,

although their correlation may be preserved under some conditions. The Jarvis model is

much less common in the LSMs (e.g. the Noah LSM offers the Jarvis parameterization as a

user-specified option [Niu et al., 2011]).
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The Leuning model relates g, to A, and has the general form,

g A (Rt, Tn , Ci, 4) fD(D) (3.1)
CS - *

where m [-] is a parameter that links g, and A,, which is a function of environmental

parameters (R, [W m-2], leaf temperature, T [K], leaf internal CO 2 concentration, ci [mol

mol-'], and 0 is a generic variable representing the soil water status), c. [mol mol] is the

leaf surface CO 2 concentration, F* [mol mol- 1 ] is the CO 2 compensation point, and D [kPa]

is the vapor pressure deficit. fD(D) represents the stomatal sensitivity to atmospheric water

demand and is assumed to be, fD(D) = (1 + D/1.25)-'. Equation 3.1 is also constrained by

the diffusion of CO 2 across the leaf surface,

An(RT 1 , ci, @) = g§s (Ca - ci) (3.2)

where gsba is the combination of stomatal, leaf boundary layer, and atmospheric conductances

for CO 2, acting in series, and is scaled appropriately with LAI. Alternative parameterizations

for A,(Rn, T, ci, @) and leaf-to-canopy scaling are described in Daly et al. [2004a] and Ivanov

[2006]. Solving equations 3.1 and 3.2 simultaneously with the surface energy balance yields

g, and An.

The Jarvis model is similar in form to the Leuning model, but relies on a maximum

stomatal conductance parameter, gs,max, which is mathematically independent of A.,

gs = gs,max fA (Rfl)fTa (Ta)fo (0)fD(D) (3.3)

In this model, gs is first determined from equation 3.3 and then substituted into equation 3.2

to calculate Aw, as opposed to solving equations 3.1 and 3.2 simultaneously. In both cases

transpiration is,

T 9baD (3.4)

where gsba is the canopy-scale combined stomatal, leaf boundary, and atmospheric conduc-

tance to water vapor.
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The effect of water supply is represented in the Leuning approach by the dependence

of A, on @ and in the Jarvis approach by the function f(@j). In both cases, f(@) takes

a similar functional form as f, in equation 2.6, however, there are subtle differences in

its implementation. In the Leuning approach, (, multiplies the maximum carboxylation

capacity, Vc,max, a parameter in one of three factors (carboxylation, energy/light supply,

carbon export) that may limit photosynthesis at any given time. In this case, #v is usually

defined as a linear function of soil moisture, as in equation 2.6, but is also sometimes defined

as a non-linear function or a function of soil water potential, 0, instead of soil moisture

[Mahfouf et al., 1996]. In the Jarvis approach, as implemented by [Federer, 1979; 1982], fo (W)

is defined as a function of leaf water potential, V), which is modulated by hydraulic constraints

in the soil-plant pathway [Katul et al., 2003; Daly et al., 2004a]. In this formulation, T is

not only constrained by ,ba, and D, but by the soil-leaf hydraulic gradient (i.e. V),, - @1) and

the conductance of soil, root, and plant tissues, gsrp,

T - gsba(0i1, D)D = gsrp (V4s,@ 1 @(s - i1) (3.5)

gsrp is defined by Katul et al. [2003] and Daly et al. [2004a] and generally decreases with

both V) and @1.

In either model, the effect of nitrogen supply can be represented assuming a linear re-

lationship between the maximum carboxylation capacity, Vc,max [pmol m-2 s-'], and the

leaf nitrogen content, N [g N m-2 leaf] [e.g. Oleson et al., 2010]. However, examples of

this assumption in operation are limited. This assumption is based on laboratory studies

demonstrating a correlation between N and the rate of CO 2 assimilation [Evans et al., 1989],

Vcmax= knN 1  (3.6)

where kn [pmol CO 2 g 1 N] is the slope of the vcmax - N, relationship. Again, see Daly et al.

[2004a], Ivanov [2006], or Oleson et al. [2010] for examples of how Vc,max control of leaf gas

exchange is modeled in LSMs.

Inspecting equations 3.1-3.6, two points can be made regarding the suitability of these

parameterizations for the task at hand. First, since the Leuning approach requires a mono-
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tonic increasing relationship between g, and As, it follows that it also requires a monotonic

increasing relationship between g, and N (i.e. g, oc A, oc NI). Assuming fertilization in-

creased Ni in the Loma Ridge field experiment, this model would be inconsistent with the

observation that g, decreases with increased N and, by this logic, would not be applicable

here. The Jarvis approach allows g, to vary independently of A, and N. Note, this does not

necessarily imply that g, and A, are uncorrelated. The model allows for correlations to arise

from the two variables responding simultaneously to the same environmental conditions or

from the dependence of A, on g, (equation 3.2). Secondly, when f'P(@O) = #(0), the model

does not consider the possible limitation of soil, root, or xylem transport on transpiration.

Therefore, transpiration is tightly linked to the canopy demand and is only reduced when

0 is depleted. The additional constraint in equation 3.5 allows the soil-root-plant supply to

limit transpiration and reduces transpiration sensitivity to increased LAI through V'i (Sperry

et al., 1998]. This model artifact is also supported by the Loma Ridge experimental obser-

vations. For these reasons, the Jarvis approach with hydraulic limitation is the preferred

model choice for this analysis.

The model assumptions presented here are valid at sub-daily time-scales only. Due to

diurnal variability in the environmental conditions (i.e. temperature, radiation, humidity,

etc.) and the non-linear dependence of ecophysiological processes on these environmental

conditions, the assumed relationships between photosynthesis, leaf nitrogen content, and soil

moisture may not hold at the daily scale. To develop a function A = f (gs,max, Vc,max) appli-

cable at the daily scale, the sub-daily model is first validated against half-hourly observations

from the Loma Ridge eddy covariance tower and then upscaled to the daily level (following

the approach of Daly et al. [2004a], but now including the effect of N).

3.1.2 Surface energy, water, and carbon flux validation

Before the daily-scale parameterization is developed, the Jarvis model performance is val-

idated against ecosystem-scale energy and gas fluxes observed at the Loma Ridge eddy

covariance tower. The period 26 February through 30 April 2008 is chosen as the validation

period and resource supply conditions correspond to the ambient water input and nitrogen

control treatments. Validation begins just prior to the peak of the growing season, when soil
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moisture is plentiful and vegetation exert a strong control on land-atmosphere exchange, and

it concludes with the end-of-season drying of the soil column, which induces water stress.

The validation exercise therefore covers the key periods of plant-water interactions.

Validation simulations are forced with environmental conditions measured at the nearby

eddy covariance tower. Air temperature, windspeed, relative humidity, and precipitation are

measured at a half-hour frequency at the tower. Missing data are filled by linear interpolation

between the nearest valid observations in the time-series (approximately 2.8% of T values

and 1.6% of u values were missing). In addition to the meteorological forcing, the validation

simulations must be initialized at the observed level of soil water content. Using the TDR

data as a guide, the root zone average water content is initialized at O6 = 0.26 (or s = 0.57).

Validation parameters are summarized in Table 3.1. Physical constants required for the

photosynthesis model listed in Daly et al. [2004a] are not listed here.

While the Daly et al. [2004a] model assumes constant ga and Yb, the model implemented

here calculates these parameters based on representations of the dominant transport mech-

anisms. A conductance for the rate of turbulent atmospheric transport between the surface

and an arbitrary measurement height, z [m], can be written as,

g 1 ln zdo ln z-do (3.7)
K2u (zom ) (zov)

where i 0.41 is von Karman's constant [-1, u [m s-1] is windspeed, and the surface

roughness is characterized by do [m], the height of zero momentum flux, and zOm and zov [m],

the roughness lengths for momentum and water, respectively. Before turbulence transports

water vapor in the atmosphere, water vapor must first diffuse across the leaf boundary layer.

The following form for Yb is assumed [Choudhury and Monteith, 1988],

9b 0.02 u(H) 1  aexp -(38)
a dLeaf 1 -

where a [-] is an extinction coefficient for windspeed, H [m] is the vegetation height, and

diceaf [m] is the leaf width.
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Table 3.1: Jarvis stomatal conductance and photosynthesis model parameters for annual
grassland at Loma Ridge. Where references are not included, these parameters were used
by Daly et al. [2004a].

Parameter Value Units Reference

Vegetation

Atmospheric C02 concentration
Maximum carboxylation capacity
Maximum electron transport capacity
Point of incipient assimilation stress
Point of complete assimilation shut-down
Leaf area index
Root area index
Active soil depth
Maximum plant conductivity
Xylem vulnerability parameter
Xylem vulnerability parameter
Point of incipient stomatal closure
Wilting point
Root soil moisture response factor

Ca

ocmax
Jmax

LAI
RAI
zr

gpmax
C

d

aw
a

380
50
75
-0.5
-4.5
3.5
5.6
0.5
11.7
2
2
-0.05
-4.5
9

pimol mol-
pmol m-2 s

pmol m 2 s--I

MPa
MPa
m2 m-2

m2 m-2
mm

pm MPa--I s--

[-]
MPa
MPa
MPa

-]

NOAA ESRL

observed

calibrated

Atmospheric transport

Zero-plane displacement height do 0.67H m Ivanov [2006]
Momentum roughness length Zom 0. 123H m
Water vapor roughness length zo 0. 1zom m
Windspeed attenuation coefficient a 3 [-]
Leaf width dicaf 0.1 m

Soil

Porosity n 0.453 m3 m-3 Rawls et al. [1982]
Saturated hydraulic conductivity ks 80 cm d-1
Air-entry pressure V'b -210 mm
Initial soil moisture 0, 0.26 m3 m- 3
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As demonstrated in Figures 3-1, 3-2, and 3-3, the Jarvis model performs well during

the 2008 growing season at Loma Ridge. These results are qualitatively similar to other

energy balance validation studies using the Leuning approach [Bisht, 2010; Sivandran, 2011].

However, there are some inconsistencies in the model prediction. Latent heat is generally

under-predicted at the peak of the day and negative sensible heat during the night is generally

over-predicted. This latter discrepancy may be attributable to poor eddy covariance accuracy

during calm night conditions. The CO 2 flux is always predicted equal to 0 at night, while a

small positive flux is observed. This night-time flux is respiration, a process not explicitly

represented by the model. Lastly, the predicted soil water content is always greater than

the measured value. This results from a difference between the measurement depth, 15

cm, and the parameterized active soil depth, 50 cm. Although the correct volume of water

is extracted from the soil column, it is distributed over a greater depth and, thus, the

change in the average 0 over time is less. This discrepancy is even larger for evaporation,

which typically can only access water stored in the top 5-10 cm of soil. The larger root

depth parameter is needed to provide a large enough water reservoir to sustain transpiration

throughout the growing season. In reality, plant roots likely utilize water near the surface

first and then explore lower soil depths later in the season. Hence the rapid decline in the

surface 0 and the continuation of water vapor flux after the surface soil moisture is depleted.
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These inconsistencies are recognized as a consequence of the aggregated soil column modeled

here.

To gain a better understanding of the surface energy balance at Loma Ridge, it is instruc-

tive to also evaluate the end-of-season stress period for the annual grass community, shown

in Figure 3-4. Note that the modeled latent heat fluxes begin to decrease around April 10,

whereas the eddy covariance device continues to measure water vapor flux. Minimal tran-

spiration and photosynthetic activity from annual grasses on April 10 is corroborated by the

leaf gas exchange measurements shown in Chapter 2 (Figure 2-11). During this transition

period, the annual grasses are in their senescence phase, while deeper-rooted trees and ever-

green shrubs are active. Given that the eddy covariance tower fetch likely includes surfaces

other than annual grasses, it is plausible that the device is measuring transpiration from

vegetation communities not well represented by the model as parameterized. The CO 2 flux

shows a similar result, although observations are almost all missing after April 2.

3.1.3 Scaling surface fluxes from the sub-daily to the daily level

With confidence in the sub-daily model performance, the daily parameterization can now

be developed. For this analysis, maximum stomatal conductance, gs,max, and maximum car-

boxylation capacity, Vc,max, are assumed to be free parameters. These parameters represent

the soil resource controls on photosynthesis. First, gs,max responds to, and thus is a surrogate

for, soil water availability and controls the rate of CO 2 supply to the photosynthetic machin-

ery by diffusion across the stomatal opening. gs,max is also partially responsible for N and

Vc,max as nitrogen acquisition depends on both the transpiration rate and soil moisture level

(see section 3.2.3 below). Similarly, Vc,max integrates both soil nitrogen and water availability,

which simultaneously control the rate of nitrogen uptake, and controls the photosynthetic

demand for CO 2 . Vc,max also plays a role in CO 2 supply, which is inter-dependent with CO 2

demand (equation 3.2). Therefore, these two leaf parameters link carbon, nitrogen, and

water within the leaf.

Simulations were performed with several pairs of gs,max and Vc,max (which scales linearly

with N) values. These simulations were forced by a repeating diurnal course of net radiation

and coupled to a convective boundary layer model to allow the atmospheric conditions,
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humidity and temperature, to co-evolve with the vegetation and soil moisture states [Daly

et al., 2004a]. The half-hourly model output was then aggregated to the daily scale to

produce the numerical estimate of the function amax= f(Tcaf, Vc,max). amax [g C m- 2 d- 1]

is defined as the leaf-scale assimilation rate when the soil water supply is not limiting.

The effect of the parameters gs,max and Vc,max on daily-scale leaf gas exchange is demon-

strated in Figure 3-5. Note the different relationships between the parameters and the fluxes.

Teaf saturates with gs,max, but does not depend on Vc,max at the leaf scale (left panel, latter

relationship not shown). The lack of a control of vc,max on Tieaf was expected because there

is no functional relationship between these two parameters in the Jarvis model. Had the

Leuning model been applied here, a positive relationship between vc,max and Tleaf would

have been expected. Saturation of Treaf with gs,max is due to the relative control of stom-

atal, leaf boundary layer, and turbulent transport on the surface-atmosphere water flux.

When gs,max is less than g, and g it controls Tcaf. As gs,max increases, leaf boundary layer

and/or atmospheric transport become relatively more limiting and Teaf no longer increases

with gs,max. A negative feedback between Tcaf and D may also contribute here. As Tegaf

increases, humidity increases, D decreases, and Tleaf subsequently decreases accordingly.

amax saturates with both gs,max and Vc,max (right panel), an outcome that is controlled by

CO 2 supply or demand under different resource use conditions. When gs,max is small, amax

is strongly limited by CO 2 diffusion and is approximately constant with vc,max. As gs,max

increases, the diffusion supply of CO 2 to the photosynthetic apparatus and amax increase.

However, under constant Vc,max, amax becomes limited by CO 2 demand such that no further

increase in supply can increase photosynthesis. When gs,max is sufficiently large, amax also

saturates with increasing VCmax. Photosynthesis is limited by energy availability in addition

to Vc,max and N. Therefore, amax cannot increase beyond this additional limitation, hence

the saturation with Vc,max.

The proposed daily-scale parameterization for amax is now described. The saturation of

amax with vc,max is assumed to follow the Michaelis-Menten reaction kinetic expression,

amaz= a Vc,max a knN (3.9)
Hn + Vc,max Hn + knN
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where H, [pmol m-2 S- ] is a half-saturation constant for amax with Vc,max and a [g m-2

d-] is the maximum possible assimilation rate when Vc,max is not limiting. The parameters

a and H, were estimated using a minimum root mean square error technique and found to

vary with Teaf as shown in Figure 3-6. a increases linearly and Hn increases quadratically

with Teaf. Parameters estimated for these functions are,

a(Tcaf) = 0.27Tleaf - 0.089 (3.10)

and

Hn(Tceaf) = 1.44T 2af + 0.71Tleaf + 0.36 (3.11)

Comparison of equation 3.9 with the results of the full simulation (Figures 3.7 and 3.8)

shows that equation 3.9 provides an estimate of the upscaled Jarvis model within t5% for

the parameter combinations simulated here. Equation 3.9 is implemented in the coupled

ecosystem water-carbon-nitrogen balance discussed in the next section.

3.2 A simple model for the coupled water, carbon, and nitrogen
balances

In this section, models for the ecosystem carbon and nitrogen balances are introduced

and coupled to the soil water balance (equation 2.1). This coupled water-carbon-nitrogen

model is inspired by population models used to study ecological systems [e.g. Hastings, 1997].

Similar models have been introduced and applied in a hydrologic context by Zea-Cabrera

et al. [2006], Nordbotten et al. [2007], Collins and Bras [2008; 2010], Istanbulluoglu et al.

[2011], and Feng et al. [2012], while others considered limited aspects of the fully coupled

system [Porporato et al., 2003b; D'Odorico et al., 2003; Manzoni et al., 2004; Manzoni and

Porporato, 2007; Everard et al., 2010]. The framework presented here builds on these models

by including (1) the water, carbon, and nitrogen balances and (2) dynamic vegetation with

above- and below-ground carbon allocation. The model is validated here with observations

from Loma Ridge and analyzed in Chapter 4 to develop an understanding of allocation

strategies applicable in this and similar ecosystems.
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3.2.1 Modification to the soil water balance forcing

To prepare the coupled model for comparison with observed ecosystem carbon and nitro-

gen dynamics, the previously introduced climatic forcing and its interaction with vegetation

must be modified. In Chapter 2, no distinction was made between potential evapotranspi-

ration (PET) and precipitation (P) forcings during wet and dry seasons. Seasonality was

addressed using a probabilistic analysis of the growing season antecedent moisture condition

(i.e. equation 2.19 [Rodriguez-Iturbe et al., 2001]). However, this stochastic approach does

not apply to the temporal dynamics within a single growing season, which is needed to verify

the applicability of the proposed model.

To address this issue, the seasonality of PET and P are explicitly represented. The year

is separated into distinct wet and dry seasons. During the wet season, the model is forced

with either observed daily P (for validation) or P generated from the exponential rainfall

model (for sensitivity analyses). No rainfall is assumed to occur during the dry season. The

seasonal course of PET is approximated by a sinusoidal wave fit to the average values on

record,

E,(t) = E, + AE, sin wt (3.12)

where E, [mm d-1] is the annual average daily PET, AE, [mm d-1] is the amplitude of Ep,

and w = ' [d-'] is the angular frequency [Milly, 1994]. PET estimates are obtained over

well-watered grass by the California Irrigation Management Information System (CIMIS) at

a nearby site in Irvine, CA (Site 075). Time-series of P and PET during the experiment

(2007-present) are shown in Figure 3-9.

With these assumptions, E and T in equation 2.1 are now defined slightly differently,

E = Eboe = E - k, - exp (-kLa) -min S Sh 1 (3.13)
(Sfc -Sh

and

T = Tp,# = E -k {k -1 [1 - exp (-kLa)]} #3 (3.14)

where k, [-] is the transpiration efficiency [Eagleson, 2002], which represents the fraction of

PET satisfied by the soil-plant-atmosphere continuum. Therefore, k, -PET replaces gs,max -D
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in equation 2.8. #, is defined as in equation 2.6 and the term in the curly brackets is the

leaf-canopy scaling factor previously derived in equation 2.8. Note that E is now allowed to

vary between Sh and sfc and is preceded by a calibrated constant factor, k, [-1, representing

the soil-imposed physical limitation to surface evaporation [Istanbulluoglu et al., 2011].
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Figure 3-9: Time-series of climatic forcing during the Loma Ridge experiment: precipitation
(P, bottom panel) and potential evapotranspiration (PET, top panel). P is measured by a
tipping bucket rain gauge at the field site. PET is obtained from a nearby well-watered grass-
land managed by the California Irrigation Management Information System (CIMIS). The
gray lines indicate these estimates and the black line indicates the sinusoidal approximation
with E, = 3.5 and AE, = 2.0 [mm d-1 ].

3.2.2 Ecosystem carbon balance

For this analysis, the ecosystem carbon balance only considers carbon cycling through the

vegetation. Therefore, it ignores the dynamics of litter production and organic matter de-

composition, which would be important for determining light availability, heterotrophic res-

piration, and the longer time-scale dynamics of soil carbon and nitrogen cycling. The latter

two issues are not included in this first analysis, which focuses solely on the vegetation.
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With respect to light availability, we are implicitly assuming soil shading is entirely due to

the plant canopy and not to litter. This assumption is reasonable for the 2008 growing sea-

son at Loma Ridge (i.e. fire removed all litter) or cases where decomposition rates are fast

enough to inhibit litter accumulation on the surface. With these assumptions, the ecosystem

carbon balance is,
dC
dO= A-R-M (3.15)
dt

where C [g m-2 ] is the total carbon pool, A is the canopy-scale assimilation rate, R is

the whole-plant respiration rate, and M is a mortality rate that accounts for stress and

senescence (all in units [g m-2 d-1]). Detailed formulations for the carbon fluxes A, R, and

M are discussed below.

Canopy-scale assimilation, A, is related to the maximum leaf-scale assimilation rate,

amax, the leaf area index, La, and soil moisture, s,

A = amaxO,(s)k-1[1 - exp (-kLa)] (3.16)

This represents the total carbon entering the plant via photosynthesis at the daily scale.

Some of this carbon is consumed via respiration, which provides energy to build new tis-

sues (growth respiration) and to regenerate enzymes for resource acquisition and transport

(maintenance respiration). Net primary productivity (NPP) is the difference between A and

the sum of growth and maintenance respiration, R9 and Rm, respectively. R9 is assumed to

be a constant fraction of A, and Rm is assumed to be linearly related to the plant nitrogen

content, N, [g N m-2] [Dewar, 1996]. These assumptions give,

NPP = ygAn = yg - (A - Rm) = yg - (A - rN) (3.17)

where y9 [-] is the growth yield, which converts assimilated carbon to dry matter, and r [g C

g-1 N d-1] is the nitrogen-specific respiration rate. Finally, NPP is allocated to above- and

below-ground tissues according to the root allocation fraction, fr, (i.e. ANPP=NPP(1 - fr)).

Mortality is similarly assumed to be a constant fraction of biomass and also a function
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of soil moisture stress, increasing linearly with stress [Collins, 2006],

M = m((s)Cj (3.18)

where m [d-1] is the biomass specific mortality rate and the index i refers to either the leaf

or root carbon pool.

Combining these assumptions, the leaf and root carbon balances can be written as,

dCieaj

dt [A (s, N, Cleaf) - rN] y,(1 - fr) - m(s)Cleaf (3.19)

and
dCroot [A(s, N,, Cot) - rN,] ygf - m((s)Croot (3.20)

dt

Root and leaf carbon are converted to the vegetation parameters, z, and La, thus linking

the allocation strategy to carbon and water uptake rates,

La = SLA -Clea (3.21)

and

Zr = SRD -Croot (3.22)

where SRD [m g-'] is the specific root depth and SLA [m2 g- 1 ] is the specific leaf area.

3.2.3 Ecosystem nitrogen balance

Similar to the carbon balance, the nitrogen balance described here is simplified. Two nitrogen

pools are modeled, the plant (subscript p) and soil (subscript s) pools. While soil N is

typically modeled using at least three soil pools to represent the multiple time-scales at

which decomposition and mineralization occur [Schimel et al., 1994; Bolker et al., 1998], this

model is validated for a single year only and applied to calculate the mean behavior of the

system. Thus, inter-annual and decadal variability is not anticipated to affect the qualitative

interpretation of these results. This model also does not differentiate between ammonium

(NH+), nitrate (NO-), and organic N. With these assumptions, the soil and plant nitrogen
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balances are,
dN = DEP + MIN - fn(s) - UP(s) - Ln(s) (3.23)
dt (.3

and
dN - UP(s) - m((s)Np (3.24)
dt- S

where DEP [g m- 2 ground d- 1] is atmospheric deposition by dry or wet mechanisms, MIN

[g m- 2 d- 1 ] is the potential mineralization rate, which depends on soil moisture through

fr(s), UP [g m- 2 d- 1 ] is the sum of active and passive uptake, described below and also

dependent on soil moisture, and Ln [g m- 2 d- 1] represents leakage losses, which are tied

directly to L(s),
_L(s)

Ln(s) = a Ns (3.25)
snz,

where a [-] is a solubility coefficient for soluble N.

The soil moisture function f,(s) represents the dependence of the soil nitrogen supply

rate as a function of soil moisture. At low soil moisture, the soil environment is unfavorable

for microbial activity and mineralization is inhibited. As moisture increases, however, oxygen

begins to limit aerobic activity and the anaerobic decomposition continues at a lower rate.

Also, anaerobic conditions promote denitrification, further lowering the effective mineraliza-

tion rate. A rudimentary representation of these processes has been proposed by several

authors [Schimel et al., 1996; Brady and Weil, 2004; Porporato et al., 2003b; Everard et al.,

2010],

S S < Sfc
Sf c

fn (S) =(3.26)

S > f

Plant uptake is assumed to be governed by two processes. Passive N uptake, UP,, occurs

as a result of transpiration. That is, whatever N is dissolved in the transpiration stream is

automatically taken up by the plant. Secondly, plants can augment this N supply through

an active mechanism, UP, which increases diffusion toward the root surface by lowering the

N concentration at the root surface [Lambers et al., 2008]. These processes are represented
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as,

UP = a T(s) (3.27)
snz,

and

UPa a Fsa Ns (3.28)
snz,

where F [m d-1] is a diffusion coefficient and d [-] represents the tortuosity of the diffusion

path from the soil pore space to the root surface. Further, total uptake is limited by a

demand, DEM, which effectively sets the maximum possible uptake rate. See Porporato

et al. [2003b] for further discussion of modeling the mineralization and uptake processes.

3.3 Model calibration and validation

Model parameter estimation and validation for the Loma Ridge grassland are described

in this section. The calibrated model will be applied (1) to develop a mechanistic explanation

for the canopy observations during the 2008 growing season and (2) to study the variation of

plant resource use strategies across hypothetical climate and nitrogen deposition gradients.

Therefore, the primary objective of this validation exercise is to develop a parameter set that

accurately reproduces both the seasonal course of water, carbon, and nitrogen fluxes and the

sensitivity of annual net primary productivity and ecosystem water use to water and nitrogen

supplies. To achieve the first goal, model predictions are compared to observations collected

during the 2008 growing season. To achieve the second goal, NPP predictions are compared

to annual scale observations collected over the six year observational record (2007-2012).

Lastly, because disturbance is a strong control on productivity in this ecosystem, the merit

and performance of this approach is discussed in light of the fire and severe drought that

occurred in 2007.

3.3.1 Parameter estimation

A number of sources inform the parameter estimates described below. Where possible,

parameters are estimated from direct observation. However, some parameters were only

measured during the drought year of 2007 or not at all. In these cases, data from other
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studies is also considered. What follows is a brief justification of values selected for each

parameter. Parameters for the carbon and nitrogen balances are summarized in Tables 3.2

and 3.3, respectively. Unless otherwise noted, water balance parameters are the same as in

Table 2.1.

Slope of vc,max -N, relationship, k,. k, is estimated from the annual grass data points

published in Evans [1989] Figure 1. This data was collected in Death Valley, California and

an abandoned cornfield near Urbana, Illinois [Mooney et al., 1981]. Although these are quite

different ecosystems, the relationship between Vc,max and N, is remarkably consistent. The

estimated value of k, is 19 [pmol CO 2 g-1 N s-'] and, given the variability in Evans' [1989]

plot, may range between 15 and 22 [pmol CO 2 g- 1 N s- 1].

Root allocation fraction, fr. For the validation scenarios, f, takes an assumed con-

stant value. Below-ground biomass was not measured at Loma Ridge, therefore an estimate

must be obtained from observations at similar sites. First, define f, as the ratio of below-

ground to total biomass, or f, = Cbg/Ctot. Using this definition, Harpole et al. [2007] observed

f, = 120/(120 + 400) = 0.23 in control plots and f, = 105/(105 + 590) = 0.15 in fertilized

plots at a site nearby Loma Ridge. These values are at the lower end of the range observed

by Shipley and Meziane [2002] in several species grown in laboratory conditions.

Specific leaf area, SLA. SLA is the ratio of leaf area to leaf mass and, therefore, was

estimated directly from Loma Ridge ANPP and LAI measurements. ANPP was estimated by

harvesting two 14 x 50 cm strips at the end of the growing season. In the ambient water plots

in 2008, ANPP measured 378 [g m- 2 ground] and LAI measured 3.72 [in 2 leaf m-2 ground].

Therefore, SLA=ANPP/LAI=3.72/378=0.01 [m2 g 1 ]. At the time of measurement (late

May), LAI measured 1.11 [M 2 m-2]. However, all live and dead biomass is collected within

the harvest strip, therefore, the peak LAI is used to compute SLA because it represents the

leaf area that was present during that growing season. The computed value compares well

with the range of observations found in the literature [Wright et al., 2004; Lambers et al.,

2008; Istanbulluoglu et al., 2011].
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Specific root depth, SRD. SRD is a new root parameter introduced to link root

biomass to ecohydrological function. Root systems are generally characterized by a variety

of physical characteristics, including root length, diameter, and mass [Lambers et al., 20081.

However, in land surface modeling schemes, all of these characteristics are typically repre-

sented by a single parameter, root depth, at the scale of the entire rooting system. SRD

is thus proposed to relate root carbon to water uptake while maintaining this relative sim-

plicity. Neither root biomass or rooting depth were measured at Loma Ridge, therefore this

parameter must be estimated from measured ANPP, f, estimated above, and an assumption

for the maximum rooting depth. As discussed in Chapter 2, maximum rooting depth for

annual grasses is approximately 30 cm [Holmes and Rice, 1996]. With these assumptions,

fr -1 0.23 -
SRD = z, - ANPP) = 0.3 - 378) = 0.0027 (3.29)

Respiration and mortality rates (r, in). Respiration and mortality rates vary sub-

stantially with environmental conditions and between plant organs. Typical respiration

values may range between 10 and 50% of assimilated carbon [Lambers et al., 2008]. The

mortality parameter, m, aggregates several processes that result in the decline of root and

leaf tissues, including late-season phenology, reproduction, and tissue damage due to water

and/or temperature stresses. Because of this wide variability, these parameters are treated

as highly uncertain and are chosen to fit ANPP observed in the field and the LAI time-series

observed by the MODIS satellite.

Deposition, DEP. The background deposition rate, DEP, is estimated from the Na-

tional Atmospheric Deposition Program dataset (http://nadp.sws.uiuc.edu/). The average

values of wet deposition over the years 2006-2010 at two southern California sites are averaged

to estimate the deposition rate at Loma Ridge. Deposition at Tanbark Flats (Los Angeles

County) is approximately 2.2 [kg ha-1 yr-1] and that at Converse Flats (San Bernardino
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County) is 5.3 [kg ha- 1 yr-1 ]. Therefore, the model is forced with an average daily deposition

rate of 0.0011 [g N m- 2 d- 1].

The deposition rate in fertilized plots, DEP+, is supplemented by the experimental fer-

tilization rate, which is equivalent to 2 [g N m-2] immediately applied before the growing

season and 4 [g N m- 2] 100-day release, or 0.04 [g N m- 2 d-1] during the growing season.

For the 2008 growing season, both applications occurred on 17 December 2007.

Potential mineralization rate, kmin. The potential mineralization rate is calculated

by extrapolating observed mineralization rates in 2007 to an estimated value at field capacity

using equation 3.27. In-situ soil incubations indicate an average nitrogen production rate of

approximately 0.13 [g N m-3 d-1] during the 2007 growing season. This measurement was

made at a volumetric water content of 0.05 [m3 m- 3]. Therefore, the potential mineralization

rate at field capacity is estimated as kmin = 0.13/0.19 = 0.68 [g N m-3 d-1]. Lastly, it is

assumed that this rate occurs in the top 30 cm of soil, where most of the soil micro-organisms

are located, kmin = 0.68 * 0.3 = 0.21 [g N m-2 d-1 ]. Mineralization rates obtained from ion

exchange resins are also used for model validation in Section 3.3.1 below.

Table 3.2: Carbon balance parameters.

Parameter Value Units Reference

Root allocation fraction fr 0.23 [-] Harpole et al. [2007]
Respiration rate r 0.218 g C g-1 N d- 1  Dewar [1996]
Mortality rate m 0.019 d-1 calibrated
Specific leaf area SLA 0.010 m 2 g-1  observed
Specific root depth SRD 0.0027 m g-1 observed
Soil evaporation coefficient k, 0.5 [-) calibrated
Transpiration efficiency kv 0.7 [-) calibrated
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Table 3.3: Nitrogen balance parameters.

Parameter Value Units Reference

Vc,max - N1 slope kn 19 Umol CO 2 g-1 N s-' Evans [1989]
Background deposition rate DEP 0.0011 g N m- 2 d- 1  NADP
Fertilization rate DEP+ 0.04 g N m-2 d-- observed

Potential mineralization rate kmin 0.21 g N m- 2 d-1 observed

Solubility coefficient a 1 [] D'Odorico et al. [2003]

Active uptake diffusion coefficient F 5e-4 [-]
Active uptake tortuosity factor d 3 [-]

3.3.2 Intra-annual dynamics: 2008 growing season

To evaluate the model's ability to predict the seasonal dynamics at Loma Ridge, model

output is compared to observations collected during the 2008 growing season. The seasonal

trajectories of soil moisture (upper 15-cm average), root and leaf carbon, leaf area index,

and soil and plant nitrogen are shown in Figure 3-10. The model captures the seasonal

dynamics of LAI and surface soil moisture very well. Although the seasonal variability in

carbon and nitrogen stores was not observed, the peak values of root and leaf carbon and

plant nitrogen match the observed values well. Mineral soil nitrogen was estimated from

soil cores collected in April 2007 and, due to the dry conditions that year, are expected

to be larger than typical for this ecosystem. The range of values predicted by the model

is of a similar order of magnitude and consistent with this expectation. Also, the model

successfully reproduces the seasonal variability in nitrogen availability (also see Figures 3-11

and 3-12). Given its simplicity, the model provides a good description of the intra-annual

water-carbon-nitrogen dynamics in this ecosystem.

In addition to the modeled ecosystem states, the modeled fluxes shown in Figure 3-11

provide insight into the function of this ecosystem. Loma Ridge is typical of ecosystems

that experience a Mediterranean climate and is strongly influenced by the asynchronous

precipitation and evaporative demand. Early in the wet season, when soil moisture levels are

high and the plant canopy has yet to develop, soil water losses are dominated by evaporation

and leakage. As the season progresses, the growing canopy causes a shift from bare soil

evaporation to transpiration. Eventually, soil moisture reaches a level where physiological
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Figure 3-10: Validation of ecosystem water, carbon, and nitrogen balance states: (a) Above-
ground (solid line) and below-ground (dashed line) carbon; (b) plant (solid line) and soil
(dashed line) nitrogen; (c) LAI; and (d) 15-cm relative soil moisture. Observations are
denoted by the open circles exccpt for LAI, where MODIS observations are denoted by the
gray region. In cases where error estimates were not available (i.e. soil and plant nitrogen),
error was assumed to be 10%.
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Figure 3-11: Ecosystem water, carbon, and nitrogen balance fluxes: (a) transpiration (solid
line), evaporation (dashed line), and leakage (bold line); (b) assimilation (solid line) and
respiration (dashed line); and (c) nitrogen uptake (solid line), mineralization (dashed line),
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Figure 3-12: Comparison of relative mineralization rates predicted by the model (solid line)
and estimated from ion exchange resin sampling (symbols) collected during the 2010 growing
season. The observation dates plotted are the mid-points of the resin deployment periods,
which were 53, 10, 31, 44, and 75 days from left to right.

stress begins to affect photosynthesis and transpiration, both of which experience a sharp

decline. During this period, mortality increases and respiration (a function of nitrogen

content and biomass) remains high, leading to senescence and the observed decline in LAI.

A similar trajectory is evident in the soil nitrogen balance. High early-season soil moisture

promotes high mineralization and an early pulse of nitrogen availability. During the second

pulse of rain events in December and January, which occurs before the canopy is at its

maximum density, the saturated soils slow net mineralization and promote nitrogen losses

via leakage, leading to a plateau in soil nitrogen availability. As the canopy grows, soil

nitrogen losses are dominated by plant uptake. Uptake also experiences a sharp decline at

the onset of stress due to its dependence on transpiration and soil moisture.

Together, the modeled water, carbon, and nitrogen balances demonstrate three distinct

periods during a typical year at Loma Ridge. The first occurs prior to the growing season

and is characterized by high resource availability and high non-productive resource losses.

This period is followed by one dominated by vegetation activity, when LAI, transpiration,

and photosynthesis are at their maximum. Because the soil resources are no longer replen-

ished during this period, the vegetation enter a final prolonged period of stress that induces

reproduction, senescence, and mortality. Note that each of the ecosystem states return to a

minimum value during this dry season - live carbon approaches zero, whereas soil moisture

and soil nitrogen approach the limiting values required for a positive carbon gain. In the
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case of soil moisture, this is the wilting point, whereas for soil nitrogen it represents the level

at which uptake ceased. These limiting values have implications for the ecological behavior

of this system.

From an ecological perspective, these asymptotes indicate the lowest resource levels at

which the modeled resource use strategy can obtain a positive growth rate. The strategy

with a positive growth rate at the lowest resource level is the most competitive [Tilman,

1994; Zea-Cabrera et al., 2006]. That is, the most competitive strategy reduces resources

to a level at which invaders are unable to establish themselves. This suggests that the

most competitive strategy is not that which uses resources most efficiently, but that which

minimizes resource availability to invaders.

The model also captures the sensitivity of NPP to the experimental fertilization treatment

in 2008, as demonstrated in Figure 3-13. For this simulation, the biomass allocation ratio

was changed to f, = 0.15 [Harpole et al., 2007] and DEP+ was added to the nitrogen balance

forcing. While total NPP increased from 500 to 600 [g m 2], this shift in root allocation

resulted in a disproportionate increase in ANPP and almost no change in BNPP. Because

allocation information is not available for the dry and wet plots, these resource supply

treatments are not simulated here.
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Figure 3-13: Modeled response of above-ground (solid lines) and below-ground (dashed lines)

carbon to the experimental fertilization treatment (left, control; right, fertilized).
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3.3.3 Disturbance and inter-annual variability

When the model is extended to simulate inter-annual variability, the picture becomes much

more complex. ANPP and LAI observations (see Chapter 2) suggest that the coincident

fire and severe drought in 2007 imposed a transient response in productivity, as well as its

sensitivity to the nitrogen fertilization treatment. In this section, possible explanations for

these disturbance effects and the ability of the model to capture them are discussed. It

concludes with a best estimate for the typical response of Mediterranean annual grasslands

to precipitation and nitrogen deposition gradients.

Considering only the observational evidence, the three data sources characterizing inter-

annual variability suggest different responses to the 2007 combined disturbance event (Fig-

ures 3-14 and 3-15). First, all datasets show little direct correlation with precipitation, which

supports the idea that other factors are controlling productivity in this dry ecosystem. Loma

Ridge plot-scale ANPP data show that the ecosystem responds with an intermediate pro-

ductivity year in 2008, followed by three consecutive high productivity years (2009-2011)

and a return to a lower value in 2012. This data is also consistent with the hypothesis

that the ANPP response to nitrogen fertilization is transient itself. In the ambient plots,

the ANPP fertilization response is only positive and significant in 2008, 2009, and 2010.

Interestingly, in the wet plots, the fertilization response is delayed by one growing season,

with the most substantial positive effect occurring in 2009 and 2010. The LAI data offer

a different perspective. Both MODIS and the plot-scale SunScan LAI estimates show an

anomalous peak in 2008 (LAI is elevated in 2008 and 2009 in the wet plots). MODIS also

observed a peak in LAI following an earlier drought in 2002. Therefore, when compared to

the typical year, the plot-scale ANPP data suggest that 2008 was a low productivity year,

whereas the LAI data suggest 2008 was a high productivity year. Analysis of results from

other disturbance-response studies may provide a clue as to which is the more likely case at

Loma Ridge.

Drought may produce a transient peak in NPP. Several studies have observed increased

productivity following drought years [e.g. Knapp et al., 1998; Bloor and Bardgett, 2012]. This

increase is attributed to enrichment of soil nitrogen. Soil nitrogen availability increases in
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Figure 3-14: Time-series of (a) LAI, (b) ANPP, and (c) water input in dry (left), ambient
(middle), and wet (right) water input plots over the course of the Loma Ridge experiment.
The solid lines denote control plots and the dashed lines denote fertilized plots..
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Figure 3-15: Time-series of (a) MODIS LAI and (b) annual rainfall.

drought years because nitrogen loss mechanisms, such as mineralization, plant uptake, and

leaching, are strongly limited by water availability. This stored nitrogen is then available in

subsequent years to be mineralized and to be taken up by vegetation. This scenario would

be consistent with the MODIS observations.

The effect of fire on short-term NPP transients is more uncertain. Fire may have an

effect similar to the drought effect described above [Seastedt and Knapp, 1993; Knapp et al.,

1998]. When fire is absent and water is not limiting, litter accumulates on the surface,

canopies are dense, and productivity is primarily light-limited. Soil nitrogen accumulates

as plant uptake is determined by the light-limited photosynthesis rate. Fire removes litter

(which occurred at Loma Ridge in 2007), shifting the limiting growth factor from light to

nitrogen. Therefore, productivity is high in years following fire due to a simultaneous surplus

of light and nitrogen. This hypothesis is consistent with the LAI data. However, fire may

negatively affect soil nitrogen supplies in some ecosystems [Harden et al., 2004]. In this case,

fire releases light limitation, but also volatilizes a fraction of the soil nitrogen stock. At Loma

Ridge, it is hypothesized that this would lead to a short-term decline in nitrogen availability

during the 2008 growing season. The ecosystem is nitrogen-limited in this state, resulting
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in an intermediate level of productivity and a maximum productivity response to nitrogen

fertilization. This hypothesis is consistent with the ANPP data.

It is also worth noting that MODIS observes a different mosaic of land cover than the

homogeneous grassland in which the plot-scale data is collected. The footprint of the MODIS

data analyzed here is 3x3 pixels, or approximately 750x750 m, whereas the experimental area

footprint is approximately 100x50 m. Therefore, it is very likely that the MODIS data in-

corporates information from other vegetation communities, nearby roads and developments,

and areas that were affected by the 2007 drought but not by the 2007 fire. Therefore, the

ANPP data is more applicable to the question posed here.

While the evidence from the literature may be inconclusive, the question of how 2008 pro-

ductivity compares to the typical year is further illuminated by application of the ecosystem

model. Figure 3-16 compares the calibration scenario above with a similar scenario under the

assumption that the October 2007 fire removed the entire litter N pool. In the first scenario,

kmin = 0.21 [gN m-2 d-'], the previously calibrated potential mineralization rate. For the

second scenario, kmin= 0.42 [gN m- 2 d-'] to accommodate the assumed fire-induced nitro-

gen loss. Both models predict 2008 ANPP well, but Scenario 2 is a much better predictor of

the observed inter-annual variability in following years. The primary difference here is that

predicted productivity increases in 2008 and 2009 when the fire removes nitrogen, whereas

2008 is predicted as the peak productivity year when no nitrogen is lost in the fire.

Surely this is not the entire story at Loma Ridge, but a simple example of the multiple

controls on the inter-annual variability of productivity. Other controls may include the

dynamics of litter accumulation and decomposition and interaction between drought, fire,

and the soil organic matter pools that cycle at longer time-scales than surface litter. These

issues have been addressed only recently in LSMs [Arora and Boer, 2005; Yi et al., 2010].

Initial studies suggest that modeling these interactions may result in complex non-linear and

even chaotic behavior [Stone and Ezrati, 1996]. Therefore, with such a limited observational

record (a common occurrence), accurate modeling of Loma Ridge NPP will require some

effort. Nevertheless, this comparison provides some further insight into the physical processes

controlling NPP in this ecosystem.

In addition to the effect of fire, the large discrepancy between 2011 and 2012 is interesting
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to analyze from a hydrological perspective. Figure 3-17 shows the time history of predicted

soil nitrogen and leakage losses. Note the large mass of nitrogen lost due to leakage during

the anomalously wet 2011 growing season. In the next year, 2012, rainfall was average, but

productivity was extremely low. The model suggests this resulted from a nitrogen deficit

imposed by the previous years rainfall. This result also implies that 2012 is a poor candidate

for evaluating the typical fertilization response for this ecosystem and it remains to be seen

whether this response is truly transient.

Lastly, any of these factors may be coincident with inter-annual variability in rooting

strategy, which is strongly tied to annual rainfall [Schenk and Jackson, 2002a; Lazo et al.,

2006; Collins and Bras, 2007; Sivandran, 2011] and nitrogen availability [Jobbagy and Jack-

son, 2001]. The implications of this point will become more clear when root carbon allocation

strategies are discussed in Chapter 4.

Comparing the average behavior of the model to the average observed behavior of the

ecosystem provides further justification that 2008 was likely an intermediate productivity

year associated with limiting water and nitrogen supplies. Figure 3-18 shows the sensitivity of

NPP to rainfall and nitrogen deposition for the two calibration scenarios above. In aggregate,

this model is consistent with the hypothesis that the negative effect of fire on nitrogen

availability dominated the combined positive effects of fire and drought. Further, this model

favors the most direct observation, plot-scale ANPP, over the indirectly obtained plot-scale

and MODIS LAI observations. The parameterization demonstrated in Figure 3-18b, with

ki = 0.42 [g N m--2 d-1] is thus chosen for further analysis.

Using this model, the mean behavior of the Loma Ridge annual grassland can be de-

scribed. Under conditions of ambient soil fertility, ANPP is approximately 560 [g m-2] in

a typical year. ANPP saturates at this value at an annual water input volume of approxi-

mately 300 mm, which is quite similar to the long-term mean and median rainfall, 282 mm

and 332 mm, respectively. This is considered the nitrogen-limited ANPP for this ecosystem.

Interestingly, the nitrogen-limited ANPP is very closely associated with the mean rainfall

condition, indicating potential large-scale organization of the carbon, water, and nitrogen

cycles (for example, see Schimel et al. [1997]). Below this value, ANPP varies linearly with

rainfall and is negligible below approximately 100 mm. In the fertilized plots, ANPP satu-
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rates at approximately 690 [g m- 2 ] at a slightly lower water input of 230 mm. Again, ANPP

below this value is strongly controlled by water input and the slope of this relationship is

greater than in the control N plots. Note the substantial variability in the experimental data

that is not captured by the model. As argued earlier, this variability is a consequence of the

combined drought and fire preceding the experiment and the particular sequence of annual

rainfall in the years following. Fire was not considered in the model and annual rainfall was

treated as a random variable with no auto-correlation. Therefore, the model is not expected

to reproduce the observed variability.

3.4 Conclusions

In this chapter, an ecosystem model is introduced that couples the water, carbon, and

nitrogen cycles at the daily scale. The model builds on ecohydrology models by incorporating

the nitrogen cycle and builds on ecology models by incorporating the water cycle. The model

reproduces the seasonal dynamics of the Loma Ridge annual grass ecosystem and captures the

sensitivity of ANPP to experimental water input and nitrogen fertilization treatments. This

latter capability is important in that it allows one to judge the relative ecological success

of competing ecological strategies. Strategies involved in the simultaneous acquisition of

nitrogen and carbon for growth as constrained by the soil water conditions are now studied

in Chapter 4.
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Chapter 4

Plant resource use strategies and the

hydrologic response to nitrogen fertilization

With a verified model of the coupled water, carbon, and nitrogen cycles, the analysis in

Chapter 2 can now be extended to study plant interactions with two soil resources, water and

nitrogen. Because canopy conductance and rooting depth together govern rates of resource

uptake and are jointly constrained by primary productivity, the root-leaf biomass allocation

ratio, f,, is assumed to be the primary control on the relative acquisition of above- and

below-ground resources. The objective of the following chapter is therefore to study the role

of fr, and its response to changes in climate and nitrogen supply, on ecosystem processes.

To do so, optimality hypotheses are assumed to provide the functional ecosystem response

to changes in the resource environment constrained by the coupled model. This analysis

provides a new interpretation of the Loma Ridge experiment and improved understanding

of ecohydrological function under multi-dimensional environmental change.

4.1 Optimal resource use strategies

Plant resource use strategies play a central role in ecological and evolutionary dynam-

ics and interact with the hydrologic and biogeochemical cycles. Most previous work on

plant-resource (or biotic-abiotic ecosystem) interactions has been accomplished through two

distinct lines of research - that concerned with water as the exclusive limiting resource [e.g.

Rodriguez-Iturbe et al., 2001a; Zea-Cabrera et al., 2006; Collins and Bras, 2007; Sivandran,

2011] and another considering the balance of nitrogen and light as simultaneous limiting

resources [e.g. Reynolds and Pacala, 1993; Tilman, 1994; Vincent and Vincent, 1996]. Some
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more recent models have attempted to synthesize these results by allowing particular aspects

of the plant strategy, for example biomass allocation, to vary simultaneously with light, ni-

trogen, and water availability [e.g. Friedlingstein et al., 1999]. This latter study assumes

functions to relate the resource use strategy (i.e. root, stem, and leaf carbon allocation)

to resource availability (i.e. light, nitrogen, and water). The analysis below assumes the

resource use strategy is that which optimizes plant function.

4.1.1 Optimality criteria

Throughout this chapter, three optimality criteria previously discussed in the literature will

be compared to better understand their behavior and to determine which is most applicable

for modeling this ecosystem. These are: (1) maximum stress-weighted transpiration; (2)

maximum transpiration; and (3) maximum net primary productivity, or,

F1 = max[T(1- )] (4.1)
U

F2 = max [T] (4.2)
U

F3 = max [NPP] (4.3)
U

where u represents the resource use strategy.

4.1.2 Ecosystem processes and the optimal water use strategy

First, consider the resource use strategy that optimizes plant function with respect to water

availability only. This exercise is undertaken to determine whether the model described here

successfully reproduces results obtained under other assumptions, namely vertical discretiza-

tion of the soil column [Collins and Bras, 2007; Sivandran, 2011] and dynamic vertical root

distributions [Sivandran, 2011]. Optimal water use strategies are investigated under two al-

ternative conditions where the rooting depth is either (1) not constrained or (2) constrained

by root carbon allocation. The first condition identifies the globally optimal root depth,

equivalent to that computed by Collins and Bras [2007], whereas the second condition iden-

tifies the optimal rooting strategy accessible under the extant growth conditions, specific to
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the annual grass species found at Loma ridge. The latter case is more similar to Sivandran

[2011] in that productivity constrains root depth. However, in this study the constraint

is imposed by an assumed constant specific root depth as compared to an upper limit on

root carbon density [Sivandran, 2011]. Also, f, is optimized here, whereas Sivandran [2011]

assumes a function relating f, to soil water content [Ivanov et al., 2008a].

Assumptions specific to this scenario are as follows:

" A 30-year times-series of daily rainfall volumes is generated from the stochastic rainfall

model (see Chapter 2). Rainfall is assumed to be concentrated in the wet season,

November through March, and no rainfall occurs during the dry season. Mean annual

rainfall is P = 332 [mm].

* Potential evapotranspiration is given by the fitted sinusoidal curve, Equation 3.12.

e The nitrogen balance is turned off and amax is calculated assuming N, = 2.5 [g N m 2 ],

which reproduces the range of NPP values in Figure 3-18.

For the unconstrained case, the model predicts an optimal water use strategy u*

(kr, Zr)* that maximizes NPP and effectively balances transpiration and water stress (Figure

4-1). The max[NPP] rooting depth is approximately z, = 40 cm and increases slightly as

f, increases. The max[NPP] transpiration efficiency varies between kv = 0.6 and kv = 0.9

and increases with fr. The variability in k, is indicative of the joint control of k, and LAI

on transpiration. When f, is high, less carbon is allocated to the canopy, resulting in lower

LAI, which is compensated by increased kv. This is analogous to the trade-off computed in

Figure 2-2.

The relationship between the optimal strategies and the water balance demonstrate the

distinct ecohydrological functions of z, and kv (Figure 4-1). z, is optimized toward an efficient

use of the hydrologic cycle and k, is optimized with respect to the trade-off between transpi-

ration and water stress. For any given value of kv, the ratio of productive, or "green," soil

water losses to rainfall, fgreen, is maximized at a root depth of approximately 65 cm, which

coincides with the max[T] strategy. This suggests there exists an optimal z, independent

of k, that maximizes the fraction of rainfall available to the ecosystem. While the max[T]
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strategy is located at this z, and maximum ko, the max[NPP] and max[T(1-x)] strategies

are located at intermediate z, and k, values. NPP is therefore increased by a strategy char-

acterized by an intermediate transpiration rate and hydrological efficiency. With respect to

productivity, transpiration is thus large enough to limit non-productive, or "blue," water

losses, but regulated to maintain soil water storage and delay the onset of water stress.

Note also that the max[T(1-X)] strategy is similar to the max[NPP] strategy and, there-

fore, may be a good surrogate for fitness derived exclusively from the water balance. However,

the small discrepancy indicates the formulation is not exact.

Although the analysis above identified an optimal k, - z, strategy, it did not consider

whether z* could be reached given the specified f, and growth parameters. With z, linked

to f, through the carbon balance, Figure 4-2 shows how productivity and the water balance

respond to variation in the resource use strategy u = (kr, f,). This optimal strategy strongly

favors canopy over root development, with 75% of the growth yield allocated above-ground,

and again represents an intermediate transpiration efficiency.

Comparing Figures 4-1 and 4-2, the effect of the carbon cycle constraint on the optimal

plant strategy becomes clear. First, note that the maximum root depth achievable by any

strategy is approximately 70 cm. Therefore, any strategy in the unconstrained case with

z, > 70 cm is not feasible given the growth, respiration, and mortality parameters used

here. This maximum root depth is not associated with the maximum NPP. Secondly, the

constrained max[T] strategy results in a shallower z* (i.e. 43 cm < 65 cm). Both differences

can be explained by the carbon cycle, which imposes finite canopy and root growth rates

and strong competition between canopy and root growth. That is, increased ANPP comes

at a cost to BNPP (and vice versa) and this cost, in terms of carbon, was not considered in

the unconstrained case. Interestingly, the max[T) and max[NPP] z* values are more similar

in the constrained case, 43 and 37 cm respectively (versus 65 and 43 in the unconstrained

case). While globally the constrained max[NPP] strategy does not maximize fgr,,e, it does

for the given value of k*.

The water balance shown in Figure 4-2 provides some insight into why the low fr strategy

is successful. In this ecosystem, leakage is more sensitive to kv than to fr. That is, by

increasing kv, leakage is essentially minimized while increased root depth has less effect.
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Figure 4-1: Sensitivity of productivity and the water balance to root depth and transpiration

efficiency: (a) NPP [g m-2]; (b) fgree [-]; and (c) annual water balance components E, T,
and L [mm yr- 1]. In (c), fr = 0.2. The optimal strategies are marked as follows: T(1-x) *,
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Low rainfall and high evaporation rates minimize the duration of time spent above sf

and, thus, leakage. Secondly, because PET is high in this ecosystem and the rainfall and

growing seasons are out of phase, the ratio of transpiration to evaporation is strongly affected

by canopy shading and, thus, fr. When f, is low, a dense canopy develops quickly and

evaporation is limited. The optimal water use strategy is therefore the strategy that (a)

builds the largest canopy in the shortest time possible to limit bare soil evaporation and

(b) transpires at a rate high enough to limit leakage, but low enough to extend the growing

season and delay the onset of water stress. The difference between the unconstrained and

constrained max[T] z* suggests that condition (a) outweighs the benefit of increased z, in

terms of water access. That is, the unconstrained z* is deeper than the constrained z,*

indicating deeper roots aren't necessarily more beneficial than a larger canopy. Therefore,

considering both the water and carbon balances, we find that shallow rooting depths in arid

ecosystems may not be driven by infiltration depths alone [Laio et al., 2006; Collins and

Bras, 2007; Schenk, 2008], but also by this benefit of canopy growth. However, this effect

may only be important for fully vegetated plots, such as those at Loma Ridge.

The difference between the max[T] and max[NPP] strategies contributes to the interpre-

tation of the aforementioned studies. In the unconstrained case, the max[T] z* is deeper

than the max[NPP] z* and the max[T] k* is larger than the max[NPP] k*. This result calls

into question the broad assumption that maximum transpiration is a suitable indicator of

maximum reproductive success. However, the max[NPP] strategy converges to the max[T]

strategy as fr increases. Therefore, it may be that max[T] is a reasonable assumption in

arid climates where below-ground structures are larger relative to above-ground structures

[Schenk and Jackson, 2002b]. In the constrained case, the max[T] and max[NPP] z*'s are

more similar, but the difference in k* remains. Thus, a max[T] assumption may be adequate

for predicting z, when coupled with the carbon cost of building roots, but the resulting T,

LAI, and kv are expected to be less accurate at least at sub-annual time-scales.
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4.1.3 Ecosystem processes and the optimal water-nitrogen use

strategy

Extending the analysis of section 4.1.2, the second resource use strategy considered is that

which optimizes plant function with respect to water and nitrogen availability. The fully

coupled water-carbon-nitrogen balance is now solved, so that NPP is dependent on both

water and nitrogen availability. The analysis is conducted with the same P and PET and in

constrained and unconstrained modes.

Many features of the water-nitrogen use strategy are similar to the water use strategy.

First, as expected, the max[T] strategy does not change when a dynamic nitrogen balance is

included in the model. The max[NPP] and max[T(1-x)] strategies are slightly deeper than

in the water-only case, but show the same relationship to the max[T] strategy.

Figure 4-3 also demonstrates how each strategy is related to the coupled water and nitro-

gen balances. With respect to leakage, the water and nitrogen use strategies are equivalent.

Because nitrogen loss via leaching is directly proportional to soil water loss via leakage, any

strategy that limits leakage also limits N losses. Mineralization and N uptake, on the other

hand, are maximized at strategies that minimize soil moisture losses and maximize soil mois-

ture, due to their positive response to soil moisture. This indicates an interesting potential

competition/mutualism dynamic between plant and microbes, modulated by soil moisture.

That is, a trade-off may exist between the growth benefits of transpiration and the benefit

of maintaining soil moisture to support microbial activity and mineralization, which also

stimulates productivity. Note, however, that uptake decreases sharply at low k, as transpi-

ration decreases. Also, in wetter climates where soil moisture spends a large amount of time

above field capacity, mineralization will decrease with increasing soil moisture, implying the

opposite conclusion.

Although Figure 4-4 confirms several of the previous conclusions from the water-only

analysis, the strategy can now be interpreted as one that simultaneously addresses the costs

and benefits of water and nitrogen acquisition. Specifically, the intermediate value of k, is not

only beneficial for balancing transpiration and water stress, but also increases N availability

and, thus, NPP. Therefore, the optimal water-nitrogen use strategy is the strategy that (a)
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builds the largest canopy in the shortest time possible to limit bare soil evaporation and

(b) transpires at a rate high enough to limit leakage, but low enough to maintain adequate

moisture conditions for N production and uptake and to extend the growing season to delay

the onset of water stress. The variability of this strategy with climate and soil fertility is

addressed in the next section.

4.2 Resource use strategy sensitivity to environmental parameters

The optimal resource use strategies calculated with the above procedure are sensitive to

the parameters that define the environment experienced by the vegetation. The resource

environment that interacts with the resource use strategy is defined by climate (i.e. P and

PET), soil fertility (kmin), and external N input (Ndep). This section demonstrates the model

sensitivity to each of these parameters and identifies the climate and soil regimes under which

either water or nitrogen can be considered the primary control on ecosystem rooting depth.

4.2.1 Hypothetical resource supply gradients

For this analysis, the model is forced with several combinations of water and nitrogen supply

rates. Water availability is defined by the aridity index, # = Ep/P [Budyko, 1986]. Several

values of # are generated by varying E, and P independently according to the following

ranges: 750 < E, < 1300 [mm yr-1] and 160 < P < 1300 [mm yr-1], giving 0.5 <.# < 8.

Time-series of E, are generated by scaling the climatic mean at Loma Ridge (i.e. equation

3.13). Time-series of P are generated by scaling a single 30-year stochastic realization accord-

ing to annual precipitation values sampled from a log-normal distribution with the assumed

mean and the variance as calculated from the Loma Ridge record. Nitrogen availability is

defined by kmin and Ndep, which are assumed to fall in the following ranges: 5 < kmin < 30

[g N m-2] and 4 < Ndep < 60 [kg ha' yr-1]. Therefore, the modeled ecosystem is subject

to conditions of high and low water and nitrogen availability.

Similar to Section 4.1.3, this analysis is conducted in unconstrained and constrained

modes. When the underlying environmental template is varied independently of the plant

growth parameters, these assumptions take a specific meaning. In the unconstrained case,

127



the results below represent the optimal rooting depth for the given environment for any

plant functional type. The constrained case, on the other hand, represents the rooting

strategy of annual grasses as parameterized for Loma Ridge, if they were placed in the

assumed environment. Because plant functional types vary predictably with climate and

soil fertility [ Whittaker, 1975; Craine et al., 2002], and annual grasses are not competitive in

every environment, the unconstrained case is likely to provide a better picture of how rooting

depths vary with water and nitrogen availability across soil resource gradients. Results from

the constrained case, on the other hand, may be interpreted as an indicator of changes that

may be expected at Loma Ridge in response to environmental changes.

It is important to note that this analysis includes the seasonality characteristic of seasonally-

dry ecosystems. Annual grasses and drought-deciduous shrub species, such as those found at

Loma Ridge, are active during a distinct growing season that begins at the onset of winter

rains and ends early in the summer as solar radiation, soil water deficit, and temperature

increase [Schoenherr, 1995]. This characteristic is represented in the model via two mech-

anisms. First, the mortality term depends on water stress, therefore carbon losses increase

during the dry, latter part of the year. Second, the growing season is artificially limited by

a threshold of 170 days [Istanbulluoglu et al., 2011], which accounts for the fact that tem-

peratures exceed those favorable for growth during the summer, without explicitly modeling

temperature. Therefore, the results and interpretation presented below are only applicable

to plant functional types that are unable to grow during the summer.

4.2.2 Root depth and resource supply rates

Across a wide range of Ndep and kmin values, z* exhibits a peak with respect to # (Figure

4-5) and P (Figure 4-6). z* increases with increasing aridity when # < 3 and decreases with

increasing aridity when # > 3. The value of # that maximizes z* decreases as the total

N supply increases, while the sensitivity of z* to # increases. When N supply is high, z*

increases with P for P < 500 [mm yr'] and decreases for P > 500 [mm yr-1]. As N supply

decreases, the value of P that maximizes z* decreases. These model simulations suggest two

general climatic regimes that govern variability in z* - rooting depths increase with aridity

in wet climates and decrease with aridity in dry climates. N supply does not influence the
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existence of these regimes, but does influence the boundary between them and the range of

z*.
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Figure 4-5: Sensitivity of the optimized root depth to environmental parameters #, kmin,
and Nde,. The open symbols correspond to several simulations where these three parameters

were varied and the solid line denotes a lognormal function fit by minimized sum square

error. The panels are arranged according to increasing Ndp (left to right) and kmin (bottom

to top). f, = 0.2 for all simulations.
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Figure 4-6: Sensitivity of the optimized root depth to environmental parameters F, kmin,
and Ndep. The open symbols correspond to several simulations where these three parameters
were varied and the solid line denotes a lognormal function fit by minimized sum square
error. The panels are arranged according to increasing Ndep (left to right) and kmin (bottom
to top). fr 0.2 for all simulations.

The two z, regimes are associated with varying degrees of resource use efficiency. Efficient

use of the water balance is represented by fgreen and efficient use of the nitrogen balance is

represented by the fraction of nitrogen supply (either through mineralization or deposition)

captured by the vegetation, or fa MI~'NNeP, In arid climates (#= 5, solid lines in Figure

4-7), there exists an intermediate zr that maximizes fgreen and a similar, but deeper zr that

maximizes fe,. In humid climates (dashed lines), however, fgreen increases monotonically
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with zr, indicating the most hydrologically efficient strategy is the deepest strategy attainable

by the ecosystem. While fgren exhibits a single maxima, fs, is maximized at both a shallow

and a deep z,. Therefore, in humid climates, either the most shallow or the most deep

strategy represents efficient use of the nitrogen cycle at the expense of inefficient use of the

water cycle. The peak z* in Figures 4-5 and 4-6 may then indicate the climate at which the

optimal strategy shifts between water control and nitrogen control. The existence of multiple

optima in the fe, - z, curve also suggests that nitrogen availability is an important factor

in the coexistence of shallow rooted annual grasses and deeper rooted perennial grasses and

shrubs at Loma Ridge.
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Figure 4-7: Sensitivity of resource use efficiencies to root depth: (a) green water and (b)
nitrogen uptake fraction. The solid lines denote results for # 5 and the dashed lines for
#= 1.

The water and nitrogen balances subject to z* are plotted in Figure 4-8. Increased

humidity has little effect on E, but is associated with substantial increases in T, L, and

R. Along the same gradient, NPP increases monotonically. Therefore, although a larger

fraction of the water balance is partitioned to "blue" water, T and NPP still show a positive

response to increased water availability. Nitrogen production and leakage losses also increase

with humidity, while nitrogen uptake shows a single mode at an intermediate value of #.
Interestingly, when combined with Figure 4-5, it is found that z* scales most directly with

nitrogen uptake (Figure 4-9).
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Figure 4-9: Scaling of zr with varying measures of resource availability: (a) rainfall, (b)
aridity index, and (c) nitrogen uptake. The circles and solid lines correspond to Ndep 4

[kg ha-1 yr-1] and the squares and dashed lines correspond to Ndep 60 [kg ha-1 yr-]
kS = 0.1 [g N m 2 d-1]

The strong relationship between the max[NPP] z,* and UP is consistent with the physical

and biochemical controls on nitrogen uptake. Nitrogen must first be mineralized, which

requires a suitable soil moisture level for microbial activity. Then, mineralized nitrogen is

either acquired through the transpiration stream, or via diffusion through soil pores to the

root surface -both processes that depend on soil moisture. Indeed, the model formulation

of uptake is,

UP =a T Ns + Fa N8  (4.4)

This understanding of the basic uptake processes demonstrates how nitrogen uptake embeds

information from both the water and nitrogen balances. This would support the idea that

water-limited ecosystems are "water-limited" primarily due to the restrictions low soil mois-

ture places on nitrogen availability [Crainie, 2009].
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4.2.3 Root biomass allocation and resource supply rates

When z, is constrained by the carbon cycle and the resource use strategy is defined in terms

of f, many of the above conclusions are confirmed and additional plant-resource patterns

emerge. In the constrained case, the sensitivity of f,* to climate and fertility is much more

evident than that for z*. Across a wide range of # values, f,* very clearly scales linearly

with # (Figure 4-10). The f, - # slope depends on the nitrogen supply rate. As N supply

increases, either through increased krmi or increased Nep, f,* and its slope with # decrease.

f* also exhibits a very predictable relationship with P (Figure 4-11) that is less sensitive to

N supply. This would seem to suggest a strong role of evaporation in the optimal strategy.

In the constrained case, the sensitivity of z,* to # and P are similar to those for the

unconstrained case. That is, a peak z* is found to occur at an intermediate level of aridity

and the sensitivity of z* to climate is increased with increasing N supply. However, there is

much more scatter in the constrained case than in the unconstrained case (Figures 4-12 and

4-13).

Finally, the variability of f,* and z* with P confirms the synthetic study of Schenk and

Jackson [2002b], who concluded from a dataset restricted to P < 500 [mm]: "... relative

rooting depths tended to increase with aridity, although absolute rooting depths decreased

with aridity." f,* decreases with P, but z* increases with P. That is, the relative amount

of carbon allocated below-ground is lower in wet climates as compared to dry climates, but

the absolute rooting depth is greater (at least when P < 750 mm).
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Figure 4-10: Sensitivity of the optimized root biomass allocation fraction to environmental

parameters #, kmin, and Nde,. The open symbols correspond to several simulations where

these three parameters were varied and the solid lines denote a linear function fit by mini-

mized sum square error. The panels are arranged according to increasing Ndp (left to right)

and kmin (bottom to top).

135

Ndep= 6 0 kg ha- yr-
k . =1100 kg ha- yr-

0 0
0 O00



0.5

0.4 "" -.-

0

0.3

0
0.1. 0

00

0 500 1000 1500 0 500 1000 1500
P [mm] P [mm]

0.5
SN dep=4 kg ha 1 yr- 1  N dep=60 kg ha- 1 yr- 1

de 1 1 kdp1
0 k . =400 kg ha-1 yr-1 k =400 kg ha- yr~0.4 -i

0 .3 - -.. . .. . . .

e o0.3 0O0
0.1 -.

0
0 0

8 8
0.1 0 - .. . .

0
0 500 1000 1500 0 500 1000 1500

P [mm] P [mm]
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4.2.4 Ecosystem processes in a multi-dimensional environment

Using the above data, ecosystem process rates can be estimated with respect to climate

and soil fertility gradients. Figure 4-14 shows the range of f, and z, estimated for several

values of #, bounded by the highest and lowest total N supply simulated above. These N

supply rates fall within the experimental N input gradient imposed at Loma Ridge and the

uncertainty in kin explored in Chapter 3. In the following three figures (4-15, 4-16, and

4-17), the differences in several ecosystem process rates between the high N supply and low

N supply treatments are plotted. These are the water balance, the nitrogen balance, and

NPP, respectively.
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Figure 4-14: Sensitivity of the optimized resource use strategy to aridity index and nitrogen
supply: (a) f, and (b) z,.

Estimated ET rates demonstrate two climatic regimes with respect to the hydrologic

response to N fertilization (Figure 4-15). First, the N supply gradient generally decreases E

and increases T and the magnitude of these changes decreases with aridity. The sum E + T,

which is critical from a total water balance perspective, shows an interesting behavior. For

arid ecosystems with # > 4, increased N supply does not change E + T; while for humid

ecosystems with # > 4, E + T increases with increasing N supply. The tight regulation of the

water cycle in the arid regime indicates an organization around the efficient use of the most

limiting resource which is not evident in the humid regime. # = 3.7 at Loma Ridge, which
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balance to aridity index and nitrogen supply: (a) E,

implies an approximate 30 mm decrease in E and 50 mm increase in T. That is, in terms

of the climatic mean, the high N supply scenario produces a 6% increase in ET over the

low N supply scenario. Therefore, the Loma Ridge mean annual water balance is relatively

insensitive to N supply. As far as the model extrapolation is reliable, however, more humid

ecosystems may be more sensitive to this level of increased N supply.
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Figure 4-16: Sensitivity of the nitrogen balance to aridity index and nitrogen supply: (a)
MIN, (b) UP, and (c) L,.
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Sensitivity of the nitrogen balance to increased N supply is consistent with the model

assumptions and the results presented above (Figure 4-16). In general, all N fluxes increase

with increased N supply. Because UP and L, depend directly on the soil N concentration, this

result is intuitive. The trend in MIN is likely related to changes in soil moisture mediated by

changes in root depth. Shallow roots under humid conditions lead to elevated soil moisture

levels, which stimulates MIN.

Because both nitrogen and water availability increase with decreasing aridity, NPP is

shown to respond more positively to increased N supply in humid ecosystems (Figure 4-17).

This result may also be related to the relative limitation of water and nitrogen to produc-

tivity at either end of the aridity gradient. When water is most limiting, the NPP response

to N fertilization is restricted. However, when water is plentiful and N is most limiting, the

vegetation can take full advantage of the added N.
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Figure 4-17: Sensitivity of NPP to aridity index and nitrogen supply.
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4.3 Model-informed interpretation of the Loma Ridge experiment

The model and optimality hypotheses are now used to simulate the 2008 growing season

at Loma Ridge to obtain a more detailed explanation for the soil moisture, LAI, and gas

exchange observations presented in Chapter 2. Drawing on the results from Section 4.1.4,

the following analysis treats the 2008 growing season as an isolated event, not influenced by

conditions in previous years. Therefore, the environment is characterized by 2008 conditions,

P = P2008 and up = 0. This assumption is further justified by the large uncertainty in the

initial condition of soil nitrogen, imposed by the fire and drought, and in the observed value

of kmin, which may also have been influenced by the disturbance. As was noted in Chapter

3, it is recognized that previous years do influence the current year's dynamics; but it has

proven difficult to include this explicitly in the model parameterization without additional

observations.

Across the experimental nitrogen deposition gradient, the three optimality hypotheses

result in different optimal resource use strategies, but similar variation in NPP (Figure 4-18).

All hypotheses predict similar k* - 1. However, the max[T(1-x)] and max[NPP] hypotheses

predicted decreasing f,*, whereas the max[T] strategy predicts f,* is not sensitive to Ndep.

This result is consistent with Section 4.1.2 above. Because z, depends on both f, and NPP,

the strategies predict different relationships between z* and Ndep. max[T(1-x)] predicts no

change in z*, max[T] predicts increasing z*, and max[NPP] predicts decreasing z*, all with

increasing Ndep. All predicted z* values fall between 19 and 26 cm.

The plant strategy optimization approach provides a more sophisticated interpretation of

the Loma Ridge experiment. Comparing the predicted seasonal variability in soil moisture for

control N and fertilized N conditions, the differences are well within the landscape variability

observed in the experiment (Figure 4-19). This confirms the previous result that the water

balance state, 0, is not sensitive to N fertilization in this ecosystem.

However, the predicted seasonal variability in water balance fluxes E and T call into

question the original hypothesis that the observed consistency in 0 resulted from a coordi-

nated response of canopy structure and physiology to nitrogen fertilization that maintained

a climate- and soil-controlled transpiration rate (Chapter 2). While T may have been equiv-
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Figure 4-18: Comparison of observed and modeled ecosystem sensitivity to nitrogen depo-
sition: (a) k*; (b) f,*; and (c) NPP* [g m--2]. The optimality assumptions are marked as
follows: T(1 - x) (solid), T (dashed), NPP (dot dashed).

alent during March when the gas exchange measurements were made, this does not make

any statement about T at other times of the year. This error in extrapolation is apparent

in the early season predicted E and T. The model predicts N fertilization increases T and

decreases E early in the season. Because these changes offset one another, the total water

flux and soil moisture do not change. Late in the season, both control and fertilized plots

are under similar levels of water stress and, thus, exhibit similar T, which is consistent with

the observations.

Last, the modeling approach is used to estimate the sensitivity of the annual water balance

for the 2008 growing season at Loma Ridge (Figure 4-21). At the annual scale, T increases

from 98 [mm] to 118 [mm], while E decreases from 109 mm to 91 mm and L decreases from

15 mm to 13 mm. Therefore, over an approximate 10-fold increase in N input, T increases

approximately 20% and this increase is almost entirely offset by decreased E. At the annual

scale, E + T is essentially constant across the experimental deposition gradient.
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Figure 4-19: Comparison of observed and modeled soil moisture seasonality at Loma Ridge:
(a) max[T(1-X)]; (b) max[T]; and (c) max[NPP]. The solid lines denote ambient N conditions
and the dashed lines denote fertilized N conditions.
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Figure 4-21: Sensitivity of the annual water balance to nitrogen deposition for conditions
representative of the 2008 growing season at Loma Ridge.

4.4 Conclusions

In this chapter, an ecosystem model with coupled water, carbon, and nitrogen cycles was

analyzed to estimate ecosystem responses to changes in environmental conditions control-

ling soil water and nitrogen availability. Several conclusions from this exercise expand our

understanding of vegetation organization with their resource environments:

1. The addition of biomass allocation to the estimate of optimal rooting strategies suggests

that shading achieved by canopy development is a potential driver of shallow rooting

depths in arid climates.

2. The optimal root depth was shown to vary with the aridity index in two distinct climatic

regimes - rooting depth increases with aridity in humid climates and decreases with

aridity in arid climates. These regimes may result from a tendency toward efficient use

of the most limiting resource. In arid climates, the optimal root depth is associated

with a maximum hydrological efficiency, fgreen, which also corresponds to a maximum

nitrogen uptake efficiency, fsp. In humid climates, the optimal root depth is associated

with a maximum fsp, but a minimum fgreen.
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3. The optimal root depth scales most directly with nitrogen uptake, a component of

the model that integrates information from both ecosystem climate and fertility. The

optimal biomass allocation ratio, on the other hand, scales most directly with the

aridity index.

4. The optimal root biomass allocation ratio is closely related to both # and P.

5. The ecosystem response to nitrogen fertilization was found to vary with aridity index in

two distinct regimes. When # > 4 and water is limiting, the water balance is relatively

insensitive to N supply, even though the carbon and nitrogen balances are. When

# < 4, nitrogen fertilization causes increased ET, MIN, and NPP, responses which

increase as # decreases.

6. The model confirms the Loma Ridge observations - soil moisture is not sensitive to

the N input treatment. In addition, the model predictions suggest that N fertiliza-

tion increases transpiration at the expense of evaporation early in the growing season,

although the total water flux remains the same.
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Chapter 5

Conclusions and Future Research Prospectus

5.1 Research summary and conclusions

The primary objective of this thesis was to investigate the role of the nitrogen cycle

in dryland ecohydrological systems. This objective was achieved through a synthesis of

field observations and modeling. Specifically, the sensitivity of the water balance and net

primary productivity to factorial water and nitrogen experimental treatments was studied for

a seasonally-dry grassland. Inferences were made from estimation of the water balance using

experimental observations and from application of a simple ecosystem model. The model

was then extended to different climate and soil fertility conditions to study the relative

controls of water and nitrogen on ecosystem processes. The results from this work offer

a new perspective on the organization of dryland ecohydrological systems and illuminate

several research areas where land surface studies can benefit from improved characterization

of soil biogeochemical cycles.

Specific conclusions are summarized as follows:

1. When exposed to experimental water and nitrogen input gradients, water use char-

acteristics of Loma Ridge grasses respond in a manner that is consistent with the

hypothesized optimization of a theoretically derived trade-off between transpiration

and water stress. NPP and LAI responded positively to nitrogen fertilization, but leaf

gas exchange responded negatively. At least during the latter part of the 2008 growing

season, these canopy responses offset one another, resulting in a canopy-scale transpi-

ration rate consistent with the optimality hypothesis. The optimality hypothesis is

also consistent with an increased root depth with increased water input.
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2. A simple daily-scale ecosystem model coupling the water, carbon, and nitrogen cycles

was developed from a physically-based sub-daily land surface model parameterization.

The hydrologic controls on mineralization, uptake, and leaching were emphasized in

the nitrogen cycle. The model was shown to provide an adequate description of the

sensitivity of NPP to water and nitrogen supply in the Loma Ridge grassland. The

model was also able to reproduce some of the observed inter-annual variability in

productivity; however, there was substantial uncertainty in the initial soil nitrogen

condition and the combined effect of the 2007 drought and fire.

3. The model was applied to estimate the ecohydrologic response to nitrogen fertilization

observed during the 2008 growing season, under the assumption that the ecosystem

responds to variability in water and nitrogen supply in a way that maximizes NPP.

This assumption reproduced the observed decrease in root biomass allocation fraction,

increase in NPP, and consistency in transpiration across the experimental nitrogen

deposition gradient. The model also predicted a shift from evaporation to transpiration

early in the season, resulting in an approximate 20% increase in transpiration in the

fertilized plots, although total evapotranspiration did not change.

4. The model was subjected to hypothetical gradients of water and nitrogen supply, pre-

dicting two distinct resource use strategies for arid and humid climates. The optimized

root depth decreased with aridity in arid ecosystems and increased with aridity in hu-

mid ecosystems. These strategies were shown to be associated with efficient use of the

water cycle in arid climates and efficient use of the nitrogen cycle in humid climates. In

all cases, root depth scaled most directly with nitrogen uptake, an ecosystem process

that fully integrates both water and nitrogen availability.

5. The hydrologic response to nitrogen fertilization was shown to coincide with the two

climatic regimes. In arid, water-limited ecosystems (i.e. # > 4), nitrogen fertilization

has very little effect on total evapotranspiration. In humid, nitrogen-limited ecosystems

(i.e. # < 4), however, nitrogen fertilization causes up to a 20% increase in total

evapotranspiration. Loma Ridge climatology is located very near this transition and,

thus, the water balance is relatively insensitive to nitrogen fertilization.
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5.2 The importance of the nitrogen cycle in modeling ecohydro-
logical systems

The land surface is a critical component in the dynamics of the Earth system and the

ability to predict its behavior is essential to the understanding and management of global

change. Land cover and its dynamics control rates of water vapor and CO 2 exchange between

the land surface and the atmosphere as well as the transport of water, sediment, and their

associated chemistry from the land surface to the subsurface and oceans. Each of these

pathways plays a role in climate and ecosystems, on which we depend for food and water.

The land surface is best understood as a dynamic system composed of interacting physi-

cal, chemical, and biological processes. For example, at Loma Ridge, rates of CO 2 uptake by

the land surface are observed to be related to water availability, nitrogen availability, and the

interaction between the two. However complex these systems may be, from an engineering

perspective, there still exists the question of how much of this complexity must be adequately

described to effectively model and manage the system. Below, the results of this thesis are

used to evaluate the necessity and practicality of incorporating a dynamic nitrogen cycle in

Earth surface prediction and observation systems.

5.2.1 Water balance

Observation and modeling of the water cycle is needed at several scales to aid important

societal functions. Estimates of soil moisture, evapotranspiration, runoff, and groundwater

recharge have widespread application in weather prediction, disaster monitoring and pre-

diction (e.g. hurricanes, floods, landslides), water resources planning for drinking water

and agricultural applications, and monitoring global change indicators and assessing their

risks. From the data presented in this thesis, a statement can be made with regards to

the relationship between the nitrogen cycle and two of these properties - soil moisture and

evapotranspiration.

For sufficiently arid ecosystems, which given the data presented here can be defined as

either # > 3 or P > 500 mm, it would seem that detailed knowledge of the nitrogen cycle

is not necessary for an accurate estimate of the water balance. This conclusion is apparent
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from a comparison between the observed water balance sensitivity to nitrogen deposition and

the typical accuracy of water balance observations. The accuracy of soil moisture and ET

estimates depends on the method and the scale of application. For the sake of comparison,

consider the scale of the Loma Ridge estimates, which varies between the plot and hillslope

scales or 101-102 m. Soil moisture was measured at Loma Ridge by the TDR method,

with typical measurement error on the order of 10% [Walker et al., 2004] and an observed

landscape variability of approximately 10-20% (Figure 2-12). ET was measured by the eddy

covariance method, which can be associated with measurement errors up to 20% [Goulden

et al., 1996; Wilson et al., 2002], and by combined g, and LAI measurements, which may

have greater uncertainty [Breda, 2003] (also see Figures 2-11 and 2-13). Other estimates of

E and T have similar errors and the uncertainty across model predictions is at least this

high [Mahfouf et al., 1996; Wang and Dickinson, 2012]. The model predicted no change in

the total ET with increasing N deposition and a maximum 20% increase in T at the upper

limit of estimated N deposition rates in the region. Therefore, it is not likely that existing

measurement technology would be capable of adequately attributing changes in ET or T to

changes in nitrogen availability in these ecosystems. Much greater differences were predicted

for humid ecosystems and, thus, it is anticipated that information on nutrient supply would

be useful for modeling these systems. However, given the poor suitability of the model

applied here to these ecosystems, this conclusion should be investigated further. Finally, it

is unclear whether these conclusions would apply at scales larger than those observed and

modeled here, such as those of global climate models and satellite observations (e.g. -1 km).

5.2.2 Carbon balance

Because the carbon balance is directly linked with the water balance through stomatal

conductance and soil moisture, it is inherent to a comprehensive theory of land surface

dynamics. Interest in the carbon balance is primarily organized around climate change and

agricultural studies. From the climate change perspective, it is yet unknown how surface CO 2

fluxes will respond to the simultaneous rise in atmospheric CO 2 and changes in temperature

and precipitation patterns [Cox et al., 2000; Friedlingstein et al., 2006] or whether these

fluxes can be tuned through large-scale ecosystem management projects. Ecosystem CO 2
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uptake is also directly related to agricultural efficiency and much research on the carbon

cycle is therefore focused on food production [Easterling et al., 2007]. Both applications

require observations and models of photosynthesis and respiration.

While the Loma Ridge water balance was insensitive to nitrogen fertilization, the carbon

balance, as measured by ANPP, responded positively. On average, ANPP was 23% greater

in fertilized plots than in control plots. In addition to these observations, model predictions

suggest the inter-annual variability in relative water and nitrogen availability may be a more

important indicator of productivity than precipitation alone. Nitrogen losses during wet

years may limit productivity in subsequent years. Also, drought and/or fire may cause

changes in nitrogen availability that influence later productivity. Therefore, these results

suggest that accurate knowledge of the nitrogen cycle is necessary for accurate estimates of

the carbon balance. Further, because ANPP is tightly linked with T, it could also be argued

that the nitrogen cycle is an important factor for this single component of the water balance,

regardless of the impacts on the aggregate water balance. This last point highlights the need

for better understanding of stomatal responses to environmental changes.

5.2.3 Surface processes

Landscape structure and sediment yield are important drivers of niche differentiation [e.g.

Ivanov et al., 2008b] and receiving water ecosystem health [e.g. Scheffer et al., 1993]. The role

of vegetative cover in landscape dynamics has long been known [Hack and Goodlett, 1960;

Costa, 1975]. Recently, a model coupling vegetation and landscape dynamics demonstrated

the ranges of landscape structure and sediment yield expected for surfaces with various as-

sumptions of vegetation behavior [Collins et al., 2004; Istanbulluoglu and Bras, 2005; Collins

and Bras, 2008; 2010]. The signature of vegetation is clearly evident in these simulations,

however, the time-scales of interaction between vegetation and surface dynamics have yet

to be deduced. That is, is simply the long-term average vegetation cover sufficient infor-

mation to model the range of observed landscape forms, or is the inter-annual variability

in vegetation cover and its relation to climate and disturbance needed? If the latter case,

then the results of the Loma Ridge experiment would support the inclusion of nitrogen cycle

dynamics in these models.
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5.3 Summary and future vision

The central assumption underlying many studies in ecohydrology, as well as the majority

of land surface model parameterizations, is the exclusive water and energy limitation of

transpiration and primary productivity. In other words, soil moisture and temperature are

the land surface state assumed to be the primary controls on land-atmosphere carbon and

water fluxes. This thesis attempted to join other recent studies in building upon this simple

framework by investigating the impact of the nitrogen cycle on the ecohydrology of seasonally

dry ecosystems. Insights gathered from this work provide a new perspective on the dynamics

of "water-limited" ecosystems.

Considering the land surface as a coupled system, this analysis of the Loma Ridge experi-

ment demonstrates the complexity needed to fully describe its dynamics. This thesis provides

evidence that, while soil moisture may be sufficient for describing the water balance in arid

ecosystems, it is not the only information needed to constrain the carbon balance. Further,

in wetter ecosystems, which by some definitions would be considered "water-limited" (e.g.

< = 1, [Budyko, 1986]), the model analyzed here suggests that the nitrogen balance, and its

interaction with the water balance, is integral to the estimation of surface carbon and water

fluxes. Therefore, although plant-water interactions may provide a first-order indicator of

broad patterns of biogeography and niche differentiation (but, see Everard et al. [2010]),

more detail seems to be necessary for accurate estimates of ecosystem process rates.

One theme reiterated throughout this study and others is the extreme complexity of

ecosystems, which necessitates a constant struggle between further reduction of their under-

lying mechanics and the design of models that operate at practical scales. The optimality

approach applied here is one example of the latter and other similar models show promise

[Shipley et al., 2006; Dewar, 2010; Wang and Bras, 2011; Franklin et al., 2012]. Therefore,

in addition to the research avenues suggested above that aim toward a more detailed physi-

cal basis for models, the continued search for organizing principles in ecosystems and their

hydrologic behavior will be just as important.
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