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ABSTRACT OF THE DISSERTATION

Climate controls on ecosystem production, biomass, and water cycling
by
Anne E. Kelly
Doctor of Philosophy in Earth System Science
University of California Irvine, 2014

Professor Michael Goulden, Chair

The association between climate and vegetation distribution has long been acknowledged,
but quantifying the limits of climate on vegetation growth, biomass, and mortality remains an
unsolved problem. Accurate prediction of the effects of climate change requires an
understanding of the physiological limitations on vegetation due to climate. Recent increases in
forest mortality and wildfire in Western North America has been attributed to warming and
drought, but the causal mechanisms have not been identified. This dissertation uses observations
of weather and vegetation growth, biomass, and water use to compare diverse ecosystems’
responses to temperature and water availability and identify physiological thresholds that could
promote ecosystem resilience or vulnerability to climate change.

The first chapter constructs a diagnostic framework of climatic control on biomass. The
study system was the western slope of the Sierra Nevada Mountains of California. Climatic
limitations on growth rates and growing seasons were compared across the gradient, along with
ecosystem growth, death, and biomass. A broad “sweet spot” of climate conditions was found, in
which winter cold and summer drought were minimal enough to allow a year-round growing

season. Outside of this favorable zone, the combination of growing season lengths and mortality

xii



rates produced a low-biomass, fast-growing savannah at the lowest elevation and a high-biomass,
slow-growing lodgepole forest at the highest elevation.

The second chapter examines the mixed conifer forest within the “sweet spot”. Two
adaptations were identified to allow this forest to maintain year-round growth. First,
photosynthesis rates were near maximum even as air temperatures dropped to freezing; this was
a lower optimal temperature range than almost any other known forest. Second, this forest
largely avoided moisture stress by accessing soil water throughout the summer drought period.

The third chapter explores relationships between annual precipitation and water use
efficiency across ten diverse California ecosystems. The driest ecosystems exhibited low water
use efficiency that varied with annual precipitation. Ecosystem water use efficiency at the dry
sites responded to variable annual precipitation through increased surface evaporation, high
vapor pressure deficit, and high internal CO, concentrations. The wetter montane conifer sites

showed little to no response of water use efficiency to dry years.
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Chapter 1. Introduction

Understanding the effects of climate change on terrestrial ecosystems is a critical problem
for predicting terrestrial feedbacks to climate change as well as the future of ecosystem services.
Warming temperature is not the only component of future climate change; changes in the water
cycle are expected to occur, with intensification of precipitation and drought [ Huntington, 2006].
There is evidence that other meteorological conditions will continue to change, including
snowmelt timing [Stewart et al., 2005], humidity, and cloud cover [Roderick and Farquhar,
2002]. The interacting effects of these complex changes are expected to produce novel climates
that will affect ecosystem function and distribution [ Williams and Jackson, 2007; Williams et al.,
2007].

Weather affects plant physiology in complex ways. Warming may increase photosynthesis
rates, but may also increase respiration and ultimately lead to net carbon loss [Piao et al., 2008].
Changes in amount and timing of precipitation may induce drought stress, leading to more
frequent occurrences of the widespread drought seen across western North America at the turn of
the 21 century [Allen et al., 2010]. Some ecosystems will be more vulnerable and others more
resilient to climate changes [Parmesan, 2006; Scholze et al., 2006; Bergengren et al., 2011].
Species ranges will contract with mortality or expand into newly favorable environments [Loarie
et al., 2008]. Different functional types will take over given regions [Field et al., 2007]. These
changes will alter ecosystem services, including feedbacks to the climate system including water
cycling, albedo, and carbon storage [Campbell et al., 2009]. Understanding physiological
responses to climate changes, climate thresholds for species mortality, and differences in
physiological adaptations to climate is critical for accurate prediction of future ecosystem

function and terrestrial feedbacks to climate change.



Four main questions drove this research: 1) How does precipitation and temperature control
biomass and gross primary production? 2) What are the physiological thresholds in drought
limitation or cold limitation, and how do they vary across ecosystems? 3) What are some
mechanisms of resilience to drought and cold limitations? 4) How does climate control
ecosystem water use?

The theoretical approach of this research focuses on understanding the interactions of
several fundamental ecosystem properties and meteorological variables using observations at a
regional scale. Gross primary production (GPP), biomass, aboveground net primary production
(ANPP), and evapotranspiration together define the most basic of ecosystem properties: growth,
stature, and water use, which together govern ecosystem functional type [ Whittaker et al., 1973;
Whittaker and Niering, 1975b]. Temperature, precipitation and their interaction are the definition
of fundamental climate types [Kdppen, 1884]. The link between Koppen-type climate
classification and ecosystem functional type has long been acknowledged [Merriam, 1894;
Holdridge, 1967; Whittaker and Niering, 1975b], but the mechanisms of climatological control
on ecosystem function are still an area of active research and the focus of this dissertation.

This problem is being approached with global coupled models [Medvigy et al., 2010],
theoretical ecological modeling [Guisan and Thuiller, 2005], and observations [Hinzman et al.,
2005; McDowell, 2011, Fellows and Goulden, 2013]. Ground-based observations of
meteorology and ecophysiological response are lacking at a spatial scale at which changes are
likely to take place, i.e., across ecotones within potential range of future dispersal [Jeschke and
Strayer, 2008]. Observations on this scale provide information not only about potential regional
changes, but can elucidate patterns of ecosystem-level physiological response to climate that

produce ecotones.



The general conceptual framework I use to investigate climate influence on ecosystem
growth and function is partially outlined in Figure 2.1. This figure describes the basic ecologic
controls on biomass. Gross primary production is limited both by growing season length and
photosynthesis rates during the growing season. Carbon use efficiency determines how much
photosynthetic carbon uptake is retained as net primary production. Ecosystem allocation to
aboveground production governs aboveground net primary production. The rate of aboveground
net primary production minus the rate of loss via vegetation mortality determines aboveground
standing biomass. Altogether, this conceptual framework describes ecosystem functional type in
terms of carbon cycling. Climate limitations on growing season length and photosynthesis rates
via cold and drought limitation are the primary focus of two of the three research chapters. The
final research chapter investigates how climate affects the interaction between gross primary
production and evapotranspiration, or water use efficiency.

The methodological approach was a cross-spatio-temporal design, and took advantage of a
suite of ten eddy covariance towers along two climate gradients in California. The first spanned
70 km west-to-east, ascending from 400 m in the San Joaquin Valley to a subalpine forest at
2700 m in the Sierra Nevada. The second spanned 100 km west-to-east, from coastal Southern
California to the inland Mojave Desert. Observations were made on scales from minutes to years,
so that both short- and long-term effects of weather on ecophysiology can be understood.
Meteorology, CO, flux, H,O flux, and heat fluxes were measured with the eddy covariance
towers. Vegetation and soil moisture were monitored within the tower footprints.

Outline of the dissertation
The following chapters are an effort to answer the four overarching research questions

previously listed. Chapter two explores the ecophysiological response of the Sierra gradient to



weather and climate. Chapter three investigates how the large-statured trees of the Sierra mixed
conifer forest are able to thrive in a summer-dry, snow-dominated climate. Chapter four
separates out the major meteorological and ecophysiological controls on ecosystem water use
efficiency across the ten tower sites in ten of California’s major ecosystems. Chapter five

synthesizes the findings of the previous chapters and discusses future directions for research.



Chapter 2. Limits on woody biomass and production along a 2300 m elevation
gradient

Abstract

Quantifying the climatic influence on ecosystem carbon and water cycling is a key problem
for predicting terrestrial feedbacks to climate change. Temperature and precipitation interact in
complex ways across a range of timescales to regulate photosynthetic rates, and ultimately
ecosystem biomass and carbon storage. We used a 2300 m elevation gradient, from 405 m to
2700 m, in the Sierra Nevada Mountains of California to understand how climate controls
photosynthetic rates, growing season length, and ecosystem biomass. Climatic relationships with
gross primary production (GPP), carbon use efficiency (CUE), carbon allocation to wood, and
carbon turnover time interacted to create an elevational distribution of biomass that peaked at
mid-elevations. Carbon turnover time decreased and allocation to wood increased with
decreasing temperature, and was a primary driver of the low-biomass foothill oak savannah and
high-biomass subalpine lodgepole forest. These results emphasize the need for understanding
ecosystem responses to climate to predict terrestrial carbon cycling and storage with future

climate change.



2.1. Introduction

Climate is recognized as a primary external control on ecosystem type, range, biomass, and
productivity [e.g. Merriam, 1894; Whittaker and Niering, 1975]. Climate does not control these
ecosystem properties directly, but rather controls photosynthesis, respiration, and
evapotranspiration (ET) rates. Climate-driven limits on vegetation physiology largely determine
growing season, net primary production, and water stress. These physiological limitations favor
some plant functional types over others in a given set of climate conditions, and produce distinct
patterns of ecosystem types and carbon cycling across the landscape. Tree biomass, an important
terrestrial carbon pool [Dixon et al., 1994], is the balance between gross tree growth and tree
mortality [Stephenson et al., 2012]. Forest production and mortality, and thus biomass, have
strong relationships with climate [e.g., Whittaker and Niering, 1975b; Stephenson and Van
Mantgem, 2005; Das et al., 2013].

There is growing concern that montane ecosystems are vulnerable to future warming and
drought; recent evidence indicates that forest mortality rates in California’s Sierra Nevada
Mountains are already climbing due to recent climate change [Van Mantgem and Stephenson,
2007]. Potential impacts of drought and/or warming could include a combination of increased
mortality [Williams et al., 2012], biomass changes [Fellows and Goulden, 2012], and species
distribution and range shifts [Parmesan and Yohe, 2003; Millar et al., 2007; Kelly and Goulden,
2008; Loarie et al., 2009]. Here, we investigated four sites spanning a 12°C temperature and 600
mm precipitation gradient in the Sierra Nevada. We focus on three questions: 1) how and why do
net primary production (NPP) and gross primary production (GPP) vary along the climate
gradient? 2) how and why does biomass vary with elevation? and 3) what do these relationships

predict about the ecological impact of potential climate change?



2.2. Methods

2.2.1. Conceptual and diagnostic framework

We constructed an observation-based diagnostic framework to understand the temperature
and precipitation limitations on carbon cycling [Figure 2.1]. This framework predicts steady state
woody biomass (or “carbon carrying capacity” as described by Keith et al. [2009]) given
relationships between climatology and growing season, gross ecosystem exchange (GEE),

carbon use efficiency, and carbon turnover time.

season

ANPP

gross wood aboveground
production vyoody
biomass

wood
mortality

carbon
turnover
time

allocation
of ANPP

Figure 2.1. Diagnostic framework for controls on aboveground woody biomass. Paralellograms
are fluxes, boxes are pools, and circles are controls on fluxes.

Woody biomass is a slow-turnover carbon pool, with a turnover time that is one to two
orders of magnitude greater than herbs, grasses, foliage, and fine roots. Gross primary production
can be described by the product of the growing season length and the rate of growth during the
growing season. Growing season length can be truncated by drought stress and/or cold-induced
dormancy. The rate of carbon uptake during the growing season is largely controlled by leaf
area. Aboveground net primary production (ANPP) is a product of gross primary production and
aboveground carbon use efficiency. Aboveground woody biomass production is the balance of
ANPP not allocated to leaves. Both aboveground carbon use efficiency and wood:leaf allocation

are associated with vegetation type, which is in turn associated with climate [ Walter and Breckle,
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2002]. This framework allows us to take the qualitative relationships between climate and
biomass described by Merriam [1894] and Whittaker [ Whittaker and Niering, 1975b] and make
independent assessments of aboveground carbon pools under different climate conditions. We
directly measured all the elements of our framework, and thus can analyze the sensitivity of each
of the framework elements to changes in other elements.

The western slope of the Sierra Nevada Mountains is an ideal system to develop and test our
conceptual framework. Chapin et al.’s extension [1996] of Jenny’s state factor approach [1941]
describes ecosystem structure and function as governed by five variables: climate, potential
biota, topography, parent material, and time. Our study transect passes through oak savannah,
ponderosa forest, mixed conifer forest, and subalpine lodgepole forest [Table 2.1]. The transect
keeps four of Jenny’s five factors as constant as possible, while the 2300 m elevation gain
produces a gradient of temperature and precipitation [Table 2.2]. Potential biota is similar
between sites, with the transect spanning just 65 km east-to-west and no barriers to species
dispersal. Local topography of each site is gently rolling, with grades less than 3°. Parent

material is granodiorite of the Sierra Nevada batholith.



Figure 2.2. Photos of the four sites in summer 2010. a) Oak savannah at 405 m, b) Ponderosa
forest at 1165 m, c) Sierra mixed conifer forest at 2015 m, d) Lodgepole forest at 2700 m.



Table 2.1. Site characteristics.

Ecosystem type Elevation (m) Latitude (°N) Longitude (°W) Tower height (m) measurtfr:?;(t);
Oak savannah 405 37.109 -119.731 23 24 Sep 2009
Ponderosa forest 1160 37.031 -119.256 34 22 Jul 2010
Mixed conifer forest 2015 37.067 -119.195 49 4 Sep 2008
Lodgepole forest 2700 37.067 -118.987 34 23 Oct 2009

2.2.2. Site descriptions

Measurements were made at four sites within the Sierra National Forest on the western slope
of the Sierra Nevada Mountains in Fresno and Madera Counties, California. The sites were
situated at approximately 800 m elevation intervals, spanning 65 km east to west [Figure 2.3,
Table 2.1]. Ground-based measurements were focused within a 200 m x 50 m (1 ha) plot at each

of the four sites. Plots were oriented along the dominant daytime wind direction at each site.

Table 2.2. Weather means for WY 2009-2012.
Ponderosa  Mixed conifer Lodgepole

Oak savannah forest forest forest
Annual temp. (°C) 17.6 13.9 9.0 5.3
Feb mean 9.9 6.1 1.2 -1.6
July mean 28.3 23.4 18.3 14.5
Annual precip. (mm) 557 912 1031 1190
Midday VSD (kPa) 2.0 1.6 1.1 0.8

10
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Flgre 2.3. Site layout on LANDSAT false color (-4-3).

The lowest site was oak savannah at 405 m elevation within the San Joaquin Experimental
Range. Dominant vegetation was blue oak (Quercus dumosa), interior live oak (Quercus
wisleznii), foothill pine (Pinus sabiniana), evergreen shrubs, and annual grasses [

Table 2.3].

The second site was ponderosa forest at 1160 m elevation. Dominant vegetation was ponderosa
pine (Pinus ponderosa), incense cedar (Calocedrus decurrens), canyon live oak (Quercus
chrysolepis), and a dense understory of evergreen and deciduous subshrubs [

Table 2.3].

The third site was mixed conifer forest at 2015 m elevation in the Kings River Experimental
Watershed. Dominant vegetation was white fir (4bies concolor), incense cedar, and sugar pine
(Pinus lambertiana) |

Table 2.3]. Patchy understory included evergreen and deciduous shrubs. The stand was
thinned in May 2012 and 5% of the trees within the study plot were harvested.

The fourth site was lodgepole forest at 2700 m elevation. Dominant vegetation was lodgepole
pine (Pinus contorta) and red fir (Abies magnifica) with mostly bare soil and a patchy understory
of perennial evergreen herbs [

Table 2.3].

11



Table 2.3. Biomass in a 1 ha plot around each tower site and date first measured. Top three
dominant species’ biomasses are also listed, except in the lodgepole forest where only two
species were present.

Biomass tCha' Date

Oak savannah 18.6 26 May 2010
Quercus wisleznii 8.8
Quercus dumosa 6.9
Pinus sabinina 2.9

Ponderosa forest 59.9 14 Jul 2010
Pinus ponderosa 34.8
Calocedrus decurrens 8.4
Quercus kelloggii 7.7

Mixed conifer forest 90.9 02 Sep 2009
Abies concolor 66.7
Calocedrus decurrens 8.3
Pinus lambertiana 8.3

Lodgepole forest 82.6 24 Jun 2010
Pinus contorta 81.5
Abies magnifica 1.1

2.2.3. Meteorology and gas fluxes

Data were collected October 2009 through October 2013, or water years (WYs) 2010 —
2013. Eddy covariance measurements began between September 2008 and July 2010 [Table 2.1].
Ground-based meteorology and eddy covariance measurements at the lodgepole forest ceased
when the tower was damaged in May 2012. Tower-based measurements at all other sites
continued through the end of WY 2013.

Air temperature and radiation were measured at the tower tops of each site, approximately 5
m above canopy height [Table 2.1]. Air temperature was measured with a Campbell Scientific
HMP45C probe (Logan, UT, USA).

Turbulent fluxes of CO,, H,O, sensible heat, and latent heat were measured at the tower tops
following Goulden et al. [1996]. Eddy covariance fluxes of CO; (Net Ecosystem CO, Exchange;

NEE), water vapor (evapotranspiration; ET), and sensible heat (H) were calculated at half hour
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intervals from the raw observations of wind velocity made with a sonic anemometer (CSAT-3,
Campbell Scientific). CO, and water vapor density were measured with a closed-path infrared
gas analyzer (LI-7000, LI-COR, Lincoln, NE, USA) [Goulden et al., 2004]. The half-hour fluxes
were filtered to remove calm periods (observations with a friction velocity (u*) less than 0.2 m s
Y [Goulden et al., 1996].

The half-hourly gross ecosystem exchange (GEE) was calculated as the difference between
observed NEE and respiration determined for 10-day periods. Half-hourly NEE was fit linearly
to incoming solar radiation (K) less than 200 W m™ during turbulent periods (u* > 0.2 m s™).
Respiration was determined as the y-intercept of the fit. Half-hourly GEE rates were filled as a
function of light and summed to calculate annual gross primary production (GPP).

We used the energy budget closure to confirm that our daytime observations were not
systematically less accurate than those reported for lowland, comparatively flat sites. Energy
budget closure was determined as the linear regression of net radiation against the sum of latent
heat, sensible heat, and soil heat flux. Soil heat flux was calculated from the half-hourly changes
in soil heat content determined with thermocouples near the tower at 10, 50, 100, and 200 cm
depth. The energy budget linear regression was forced through the origin for half-hourly
observations during windy periods (u* > 0.2 m s™). Energy budget closure was between 77% and
86% at the sites, which is comparable to closure terms reported for eddy covariance at
comparatively flat sites [Turnipseed et al., 2002; Wilson et al., 2002; Foken, 2008].
Evapotranspiration (ET) and GEE were subsequently corrected for the lack of energy budget
closure by dividing fluxes by the energy budget closure term [Twine et al., 2000]. Potential

evapotranspiration (PET) was calculated using the Thornthwaite method [ Thornthwaite, 1948].
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Precipitation data came from PRISM [PRISM Climate Group, 2013] due to the difficulty of
accurately measuring the water content in snowfall. The two lower sites received almost all
precipitation as rain, and the tower tipping-bucket rain-gauge data were well correlated with
monthly PRISM data for those locations (R* > 0.87). The two upper sites received over half of
their precipitation as snow, and the rain gauge underestimated winter precipitation at these sites.
2.2.4. Ground-based biomass and production measurements

Aboveground woody biomass was assessed by identifying, tagging, and measuring the
diameter at breast height (dbh) of all trees > 10 cm dbh within a 200 m x 50 m plot. The plot was
oriented around the eddy covariance tower with 150 m of the 200 m leg upwind along the
dominant wind direction and 50 m downwind of the tower. Within each plot, 30-50% of trees
were randomly selected for dendrometer installation. Dendrometers were measured every two to
six months, and increment growth was converted to aboveground stem production using species-
specific allometric equations compiled in the Biopak software [Means et al., 1994]. Stem growth
for trees without dendrometers was calculated using a linear fit of growth increment to dbh for
each species within the plot.

Litter production was measured using forty litter traps equally spaced on a grid within the 1
ha plots. Traps were 43 cm x 53 cm and were collected at the beginning and end of the wet
season, in October and May or June. Litter was oven-dried at 65°C for 72 hours and weighed.
Aboveground net primary production (ANPP) was calculated as the sum of stem production and
leaf litterfall. Grass and herbaceous production were included in ANPP at the oak savannah site;

data came from Neil McDougald [SJER USDA pers. comm; George et al., 2001].
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2.2.5. Fraction of absorbed photosynthetically active radiation (fPAR)

Both fPAR and LAI were taken from the MODIS Terra satellite (Collection 5, accessed 28
January 2014) for the 1 km pixel encompassing the tower location [Oak Ridge National
Laboratory Distributed Active Archive Center (ORNL DAAC), 2011]. Eight-day composite
observations rated as high quality were obtained for periods with a net carbon uptake (NEE < 0)
measured by the tower.

2.3. Results

2.3.1. Climate along the gradient

Growing degree days (GDD) decreased from an average of 3000°C at the oak savannah to
500°C at lodgepole forest, using the standard base temperature of 10°C [Figure 2.4a]. The lapse
rate of growing degree days was -1.15°C m™ (R* > 0.99). Potential evapotranspiration (PET),
calculated using the Thornthwaite method [Thornthwaite, 1948], exhibited a similar linear trend
with elevation [Figure 2.b], decreasing from an average of 1068 mm yr™' at the oak savannah to
475 mm yr” at the lodgepole forest. The lapse rate of PET was -0.26 mm m™ (R* > 0.99).

Precipitation increased with elevation [Figure 2.4c], from 860 mm yr' at the ponderosa
forest to 1040 mm yr™' at the lodgepole forest. The lapse rate above the ponderosa forest was
0.119 mm m™ (R* > 0.99). Precipitation at the oak savannah was markedly below this trend, at
540 mm yr’'. Interannual variability in precipitation was high, with 2012 and 2013 receiving less

than half the precipitation of 2011 [Figure 2.4c].
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Water balance, defined as PET minus precipitation, increased with elevation [Figure 2.4d].
Water balance increased from a deficit of -532 mm yr' at the oak savannah to a surplus of 983
mm yr' at the lodgepole forest. The lapse rate of water balance was 0.636 mm m™ (R* > 0.99).

The mean crossover point, where PET was equal to precipitation, roughly coincided with the

lower boundary of the closed-canopy forest.
2.3.2. Biomass and productivity along the gradient

Biomass followed a unimodal curve with increasing elevation [Figure 2.5, 2.6]. Woody
biomass was lowest at 18.6 tC ha in the oak savannah, peaked at 90.9 tC ha" in the mixed

conifer forest, and decreased slightly to 82.6 tC ha™' in the lodgepole forest [Figure 2.5].

100

80 A

[}
o
1

40 -

Biomass (tC ha™")

20 A

T T T
Oak savannah Ponderosa Mixed conifer Lodgepole
405 m 1165 m 2015 m 2700 m

Figure 2.5. Aboveground biomass (tC ha™).
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Gross primary production increased from an average of 7.5 tC ha™' yr’' at the oak savannah,
to 17.4 tC ha' yr' at the ponderosa forest, before decreasing to 12.9 tC ha™' yr' at the mixed
conifer forest, and 5.8 tC ha™ yr' at the lodgepole forest [Figure 2.6a]. Gross primary production
at the three lowest sites was higher during the wettest years of the study, 2010 and 2011, and

reduced during 2012 and 2013.
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Aboveground net primary production increased with elevation from 2.2 tC ha™ yr' in the
oak savannah to 3.3 tC ha” yr”' in the ponderosa forest, and 4.9 tC ha™' yr’' in the mixed conifer

forest. ANPP was markedly reduced, at 0.9 tC ha™' yr, in the lodgepole forest [Figure 2.6b].
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Consistent with interannual trends in GPP, ANPP was higher in 2010 and 2011 at the three
lowest sites than in 2012 and 2013.
2.3.3. Limitations on primary production and biomass

Gross primary production can be described as the product of growing season length and the
daily rate of CO, assimilation during the growing season. Growing season length was calculated
as the period when 24-hour sums of NEE indicated a net ecosystem uptake. Growing season
length followed trends that were similar to annual production, with a nearly symmetric unimodal
curve peaking at mid-elevations [Figure 2.7a]. The growing season averaged 180 days at the oak
savannah, and 314 days at the ponderosa forest, 328 days at the mixed conifer, and 185 days at
the lodgepole sites.

Daily GEE was remarkably similar across sites [Figure 2.7b]. The highest GEE of 46.8 kgC
ha' day"' was observed at the ponderosa forest, and the lowest GEE of 31.4 kgC ha™' day™ at the
lodgepole forest. As with GPP and ANPP, GEE rates were higher in 2010-11 at the lowest three
sites.

Maximum GEE is limited in part by an ecosystem’s photosynthetic capacity. The average
fraction of photosynthetically active radiation (fPAR) determined by MODIS during the growing
season closely tracked the inter-site and interannual trends in GEE rates (R* = 0.63, n = 13).
Maximum growing-season fPAR was 0.73 at the ponderosa forest and minimum growing-season
fPAR was 0.32 at the lodgepole forest. Interannual variability in mean fPAR was less than 15%
at all sites.

2.3.4. Carbon allocation and turnover
Aboveground carbon use efficiency (ACUE) was calculated as ANPP divided by GPP.

Aboveground carbon use efficiency was generally consistent except for a possible decrease at the
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highest site [Figure 2.Figure 2.8]. Mean annual ACUE was highest at 0.38 at the mixed conifer
forest, and lowest at 0.16 at the lodgepole forest. At the lower three sites, ACUE varied by 33-

50% of the mean interannually.
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Figure 2.7. Growing season properties. a) growing season length, b) mean daily growing season
GEE, c) growing season fPAR.
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Allocation of GPP to tree stems and leaves also exhibits unimodal trends with elevation
peaking at the mixed conifer forest [Figures 2.6b; 2.9a, b]. Woody stem allocation ranged from
15% at the mixed conifer forest to 1.6% at the oak savannah [Figures 2.6b; 2.9a]. Leaf
production is increasingly dominated by trees, particularly conifers, with increasing elevation,
with conifers accounting for 100% of litterfall at the lodgepole forest [Figure 2.Figure 2.9c].
Allocation of GPP to tree leaves followed the same trend with elevation. Tree leaf allocation was
a minimum of 6.9% at the lodgepole forest, a maximum of 16% at the mixed conifer forest,
declining to 11% at the ponderosa forest, and declining further to 7.3% at the oak savannah (data
not shown). Including annual production in leaf allocation produces a less clear trend with
elevation [Figure 2.9b]. Over 72% of aboveground primary production in the oak savannah goes

to grasses and forbs [Figure 2.9¢].
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Biomass turnover was calculated as woody turnover time (ty, Eq. 2.1). Woody turnover time

was U-shaped with elevation [Figure 2.10].

Equation 2.1) aboveground biomass

Ty = -
" woody stem production

Woody turnover times were longest at the oak savannah and lodgepole forest, around 160
years. Woody turnover times were shortest at the mid-elevation ponderosa and mixed conifer
forests, around 50 years. Trees at the oak and lodgepole sites were slow growing and long-lived

compared to the mid-elevation sites.
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Figure 2.10. Aboveground woody carbon turnover times, T,.

2.3.5. Quantifying the diagnostic framework
We used our observations to quantify the parameters of the diagnostic framework in Figure
2.1. Fluxes and pools were each measured independently. Two controls on fluxes, growing

season length and daily gross CO; uptake, were also measured independently. The remaining
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three controls on fluxes, aboveground CUE, allocation of ANPP to wood, and carbon turnover

time, were calculated using observed fluxes. Control values are summarized in Table 2.4.

Table 2.4. Summary of control values in the diagnostic framework [Figure 2.1].

Daily gross  Aboveground Allocation of Carbon

Growing season CO, uptake CUE  ANPP to wood turnover time

days yr”’ kg day” % yr’ % yr’ yr

Oak savannah 180 31.6 28.7% 5.9% 152
Ponderosa forest 314 44.5 22.1% 43.1% 44
Mixed conifer forest 328 38.4 37.5% 40.9% 46
Lodgepole forest 185 31.6 16.0% 42.8% 167

Carbon fluxes were observed directly [Table 2.5]. Because of the small number of trees and
short observation period relative to tree lifespans, observed tree mortality did not reflect long-
term average of tree mortality in this forest. Tree mortality was not observed at the oak savannah,

likely due to the very small number of long-lived trees.

Table 2.5. Summary of flux values in the diagnostic framework [Figure 2.1].

Gross primary Aboveground Gross wood Woody

production NPP production mortality’

tC yr'1 tC yr'1 tC yr'1 % yr'1

Oak savannah 7.6 2.2 0.1 0.0%
Ponderosa forest 14.7 3.3 1.4 0.0%
Mixed conifer forest 12.9 4.9 2.0 1.1%
Lodgepole forest 5.8 0.9 0.5 1.0%

' Woody mortality was calculated as the biomass of trees that died during the course of the study.
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2.4. Discussion
2.4.1. How and why do GPP and NPP vary with climate?

Gross primary production is determined by growing season length and maximum
photosynthetic rate. Growing season length is typically constrained by cold temperatures in
winter, and water stress in summer. The oak savannah had a growing season of 180 days that
was limited by high temperatures and summer drought. Conversely, the lodgepole forest had a
growing season of 185 days that was constrained by winter dormancy with cold conditions. The
growing season was 314 days at the ponderosa forest and 328 days at the mixed conifer forest.
These two sites had no prolonged cold- or drought-induced dormant periods, and photosynthesis
was limited only intermittently by cloudy conditions during winter storms.

Ecosystem leaf area index (LAI) typically limits maximum GEE during the growing season.
The fraction of absorbed photosynthetically active radiation (fPAR) is closely related to LAI and
thus provides an indicator of ecosystem photosynthetic capacity [Field et al., 1995; Running et
al., 2000]. The elevational trend of fPAR during the growing season followed the same pattern as
mean daily GEE (R* > 0.71). Growing season fPAR and mean daily GEE were highest at 1160 m
and lowest at the lodgepole forest. Daily GEE varied by just 16% between sites. Daily GEE at
the three warmest sites was higher in WY 2011, the wettest year of the study. At the lodgepole
forest, daily GEE was lower in WY 2011, associated with an abnormally heavy snowpack.

Gross primary production, daily GEE, and fPAR peaked at the ponderosa forest, but ANPP
peaked at the mixed conifer forest [Figure 2.6, 2.8]. These mid-elevation sites were the most
similar of the four sites investigated; the two sites shared some common species and congeners,

albeit in different proportions.
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We expect that the difference between sites in aboveground carbon use efficiency is due to
differences in respiration rates and aboveground/belowground allocation of carbon. Greater
water deficit at the ponderosa forest [Figure 2.5d] could drive trees to allocate more carbon to
roots. A similar ponderosa forest in Oregon allocated 61% of GPP to root production, attributed
to water limitation [Law et al., 2008]. Also supporting this hypothesis is sharply declining
ACUE in the mixed conifer forest in dry years.

Higher temperature, and thus a higher maintenance respiration rate, is another possible cause
of reduced ACUE at the ponderosa forest. Ryan and Waring [1992] found that stand age was not
a factor in ACUE, but temperature drove important differences in respiration rates and thus net
carbon assimilation. Ryan et al. [1995] found that ACUE decreased with increasing temperature
across four types of conifer forest. This is consistent with our findings for the two mid-elevation
sites: ACUE decreases and production increases with increasing temperature between these sites.
Carbon allocation rather than increasing respiration is the primary control on ACUE at the oak
savannah and lodgepole sites.

Standing biomass is controlled by the balance of gross wood production and mortality.
Whether the GPP of an ecosystem translates into woody biomass/long-term carbon storage
depends on the carbon use efficiency of the system. Aboveground carbon use efficiency peaked
at the mixed conifer forest, where ANPP, growing season length, and biomass also peaked
[Figure 2.5].

The oak savannah exhibited moderate ACUE and higher interannual variability in ACUE
than the other sites. Gross primary production at this site is also moderate, limited by a short
growing season truncated by summer heat and drought. Allocation to woody biomass is the

lowest of all the sites; ANPP at this site is dominated by grass and forb production. The
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combination of a short growing season and low allocation to woody biomass results in the lowest
standing biomass of the four sites.
2.4.2. How and why does biomass vary with climate?

Biomass followed a unimodal curve along a gradient of increasing precipitation and
decreasing temperature, and peaked at the mixed conifer forest. The lodgepole site exhibited the
lowest ACUE of all the sites despite supporting the second-highest biomass. Gross primary
production, ANPP, daily GEE, and FPAR were all lowest at this site compared to the other three
sites. Gross primary production at the lodgepole forest is limited by low GEE and a short
summer growing season. This site is slow-growing with a limited capacity for production based
on fPAR. The large standing biomass is due to the slow rate of carbon turnover as opposed to a
fast rate of carbon accumulation.

The elevational trend of allocation of GPP to stems closely follows the elevational trend of
biomass. Stem allocation peaks at the mixed conifer forest, is similar between the ponderosa
forest and lodgepole forest, and is an order of magnitude less at the oak savannah. Stem wood is
the primary component of aboveground biomass, and thus it is unsurprising that aboveground
allocation of GPP correlates with biomass. There is a subtle but important difference between the
ponderosa forest and the lodgepole forest. The lodgepole forest has 37% greater biomass than the
ponderosa forest, but stem allocation of GPP is nearly the same. This difference is consistent
with our observations of larger, slower-growing trees at the lodgepole compared to the ponderosa
forest.

Water balance (precipitation minus PET) was negative every year during the study period in
the oak savannah. Water balance fluctuated between negative and positive interannually in the

ponderosa forest, and was always positive at the mixed conifer site. The ponderosa forest
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therefore experienced a much greater interannual variability in water stress than the mixed
conifer forest. The ponderosa site was just above the lower boundary of the closed canopy forest,
and likely at the physiological limit of closed canopy conifer forest. This suggests the boundary
between chaparral and closed-canopy forest, a sharp boundary between low and high biomass
vegetation, is coincident with the elevation where mean annual water balance flips from deficit
to surplus.

2.4.3. Implications

The climate gradient on the slope of the western Sierra Nevada produces non-linear trends in
gross production, net production, mortality, and biomass along the gradient. Below ~1100 m,
summer drought truncates ecosystem production, and above ~2100 m, winter cold limits
ecosystem production. Ecosystem production and mortality rates together determine the amount
of standing biomass, which peaks in the mild mid-elevations. Our framework-based biomass
estimation shows the strongest climate-related control on biomass is growing season length and
carbon turnover time. Daily growing season CO, uptake, ACUE, and woody allocation are only
weakly correlated with temperature and precipitation. Our diagnostic framework of biomass
suggests that climate changes such as warming and drought would affect ecosystems differently
across the gradient.

Our predictions are consistent with recent findings in Southern California. The mountains of
Southern California have nearly identical tree species to the mid-elevation conifer forest on our
gradient, yet biomass in the conifer forest of Southern California mountains averaged around 57
tC ha™ [Walker et al., 2004] while the conifer forest along our gradient has an average biomass
around 71 tC ha™'. The diagnostic framework is consistent with higher biomass in the central

Sierra comparable to the warmer, drier mountains of Southern California. Fellows and Goulden
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[2012] found that lower elevation ranges of the conifer forest and individual species experienced
significantly greater mortality with drought and warming than upper elevations, consistent with
our prediction of greatest biomass loss at the lowest extent of the conifer forest under both the
warming and drying scenarios.

Warming increases carbon turnover times and photosynthetic rates. Warming also truncates
the growing season for drought-stressed systems and extends the growing season for cold-limited
systems. With warming, the oak woodland and mixed conifer forests might be the least
impacted. Biomass in the oak savannah has been limited by heat and drought stress. Biomass in
the few oak and pine trees might die back with warming, and production would likely continue
to be dominated by annual grasses and forbs.

Each of the three conifer forest sites would respond differently to increased warming and
drought. The ponderosa forest has survived at its geographic and physiological limits. With
warming, mean annual water deficit would become more consistently negative. Episodic
mortality would increase and production would decrease. The mixed conifer forest would
experience faster carbon turnover with warming and a decrease in annual water balance. Either
of these changes could promote increased episodic mortality and decrease standing biomass. The
lodgepole forest would experience an increase in growing season and production rates with
warming, and could become a larger-statured, more diverse forest.

Increased drought would result in widespread reduction in biomass at all but the highest
elevations. Drought stress already limits photosynthesis rates and growing season length at the
oak savannah. Increased water deficit could push the lower elevation boundary of the forest
above the existing ponderosa site, and the mixed conifer forest could experience late summer

drought stress. The lodgepole forest could increase production with drought, as its growing
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season was limited by winter cold [7rujillo-Gomez et al., 2012]. This forest could show an

increase in biomass with drought.
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Chapter 3. A montane Mediterranean climate supports year round growth
and high biomass

Abstract

The most massive trees in the world are found in mid-elevation mixed conifer forest in the
central Sierra Nevada Mountains in California. Mortality in this forest has been increasing and
has been associated with recent drought and warming, but direct measurements of Sierra forest
physiology have been lacking. We wish to understand the climatic limitations on forest
physiology in this Mediterranean snow-dominated system for better predictions of forest
responses to future climate scenarios. We used eddy covariance and direct aboveground primary
productivity measurements to understand how winter cold and summer drought limit growth and
annual production within this forest type at a mid-elevation site in the Kings River Experimental
Watershed in the Southern Sierra Nevada. We found that net production in this forest was limited
neither by winter cold nor summer drought: tree growth continued year-round and net
photosynthetic uptake continued during sunny periods at an air temperature below 0°C, and
throughout the summer dry period. The year-round growing season allowed the forest to take
advantage of winter precipitation and warm summer weather, and promoted the existence of a

forest with biomass and productivity similar to tropical rainforest.
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3.1. Introduction

The mid elevations of California’s Sierra Nevada range pose a bioclimatic paradox. The
1500 — 2500 m clevation band is a Mediterranean climate in the rain-snow transition zone, with
near-freezing winters and long, rain-free summers. The asynchrony between winter moisture
availability and summer warmth suggests a brief growing season in the late spring and early
summer [Urban et al., 2000], yet this is a large-statured forest and the endemic range of the most
massive trees in the world, the giant sequoia (Sequoiadendron giganteum (LINDL.) J. BUCHH.).
Bioclimatic correlations incorrectly predict steppe, savannah, or deciduous forest for the climate
envelope of the mid-montane Sierra, and consequently underpredict biomass and productivity
[e.g. Rosenzweig, 1968; Lieth, 1975; Potter et al., 1993; Urban et al., 2000]]. How Sierra mixed
conifer forest supports biomass comparable to tropical rainforests in this seemingly harsh
environment remains an unsolved problem. The question of how the high-biomass forest
survives in winter cold and summer dry montane Mediterranean climate has been explored in the
literature. Studies thus far have suggested that late-summer drought stress and winter cold limit
production in Sierra mid-elevation mixed conifer forest [Royce and Barbour, 2001; Stephenson,
1998; Urban et al., 2000]. Field observations of climate controls on Sierra Nevada growing
season, production, and water use remain scant [4raujo and Petersen, 2012].

The forest of the Sierra Nevada is a major component of California’s carbon and water
budgets. The Sierra Nevada is estimated to have 69 tC ha™', or about 20% of California’s
standing biomass, but is also estimated to be losing carbon at the rate of 0.4 tC ha yr'' [Potter,
2010]. The Sierra Nevada is also critical to California’s water supply, providing a natural
seasonal reservoir of water in its winter snowpack and over 60% of the state’s water

consumption [California Department of Water Resources, 2005; Bales et al., 2011a].
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Recent observations suggest that the Sierra mid montane forest is nearing its physiological
limits. Forest mortality has been increasing in recent years, which has been attributed to
increasing drought stress with climate warming [ Van Mantgem and Stephenson, 2007]. However,
the specific climatic thresholds for forest mortality in the Sierra Nevada are unknown. California
has experienced recent warming and increased precipitation variability, and these trends are
expected to continue [Cayan, 1996; LaDochy et al., 2007; Cayan et al., 2008; Abatzoglou et al.,
2009]. To understand the Sierra forest’s vulnerability to climate change and accurately predict
its future, we need a better understanding of the forest’s physiological responses to
meteorological conditions and accurate predictions of the future of California’s water and carbon
resources with climate change [Dettinger et al., 2004; Barnett et al., 2005; Loarie et al., 2008;
Flint and Flint, 2012].

We made direct measurements of ecosystem and meteorological properties to better
understand the relationships between weather, biomass, productivity, and water use. Our
research focuses on three questions: 1) To what extent does winter cold limit gross primary
production, net primary production, and evapotranspiration? 2) To what extent does the
combination of dry soils and warm daytime temperatures in summer limit gross primary
production, net primary production, and evapotranspiration? 3) How would a warmer or drier
climate affect forest production, water use, and vulnerability to mortality?

3.2. Methods

3.2.1. Site description
Measurements were made in the Kings River Experimental Watershed [Eagan et al., 2007]

at an elevation of 2015 m in the central Sierra Nevada Mountains (37.0675°N, -119.1951°W).
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Measurements were made during water year (WY) 2009 through most of WY 2012 (September
1, 2008 — May 31, 2012). We defined autumn as September — November, winter as December —
February, spring as March — May, and summer as June — August.

The study area was in the Sierra National Forest, about 10 km southeast of Shaver Lake and
0.5 km southwest of the end of Forest Service Road 10S10. Access was by vehicle in summer
and foot in winter. Micrometeorological measurements were made on a 55 m tall eddy
covariance tower. Intensive ground-based measurements were focused in a 200 m by 50 m (1 ha)
plot, which extended 150 m in the mean upwind direction and 50 m downwind. The broad relief

was a ~10° downhill slope in the southwest direction, with a 2° slope in the study plot [Figure

3.1].

L Litter trap
x Dendrometer

MT Soil moisture transect 3
—

Figure 3.1. Plot layout and location within California. Inset image is LANDSAT ETM+ bands
5-4-3 (August 2002). Right image is a NSF NCALM LiDAR image (July 2010) with hillslope
and tree shading.

The climate at the site was Mediterranean, with warm dry summers and cool wet winters.

Most precipitation fell between October and April, and about 70% fell as snow [Bales et al.,

2011b]. Soils were in the Gerle-Cagwin families association [USDA, 2009].
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The site was mixed conifer forest dominated by Sierra white fir (4bies concolor (GORDON &
GLEND.) LINDL. EX HILDEBR.) with subdominant California incense cedar (Calocedrus decurrens
(TORREY) FLORIN), Jeffrey pine (Pinus jeffreyi (GREV. & BALEF.)), sugar pine (Pinus lambertiana
(DouGLAS)), and black oak (Quercus kelloggii (NEWB.)) [Figure 3.2]. The forest canopy was
patchy, with closed stands of mature white fir and pine and open stands of yellow pine, oak, and
shrubs on rockier locations. The understory in areas of open tree canopy consisted of mostly
whitethorn (Ceanothus cordulatus (KELLOGG)) and greenleaf manzanita (Arctostaphylos patula
(GREENE)). A nearby grove of giant sequoia grew at the same elevation 10 km to the southeast

(the McKinley Grove).
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Figure 3.2. Stand demographics in September 2008, including all trees with dbh > 10 cm within
the 1 ha plot.
3.2.2. Physical environment measurements

We used a multiscale approach to measure the effects of meteorology on forest physiology
and production in Sierra mixed conifer forest [Figure 3.1]. We used a combination of techniques,
including half-hourly measurements of weather and stand-level gas and energy exchange, as well
as monthly-to-annual measurements of tree growth, litterfall, and mortality. This study focused

on a | ha study plot in the footprint of an eddy covariance tower.
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Radiation and other meteorological conditions were measured at the top the eddy covariance
tower and averaged at half-hour intervals. Air temperature was measured at 2, 10, 25, and 55 m
heights using aspirated shields and Campbell Scientific [CS; Logan, UT] T-107 thermistors.

Precipitation was measured using a CS TE-525 tipping-bucket rain gauge at the tower, and
gaps in the precipitation record were filled with data from the National Atmospheric Deposition
Program station CA29 - Kings River Experimental Watershed, 2 km from the tower [National
Atmospheric Deposition Program, 2013]. Tower and NADP precipitation data were well-
correlated during overlapping periods (R* > 0.8). Potential evapotranspiration (PET) was
calculated using the Thornthwaite method [ Thornthwaite, 1948].

Soil volumetric water content (VWC) was measured with Campbell Scientific CS-616 water
content reflectometers. Four probes inserted vertically into the surface of the mineral soil along a
30 m transect.

3.2.3. Turbulent fluxes

Eddy covariance fluxes of CO, (Net Ecosystem CO, Exchange; NEE), water vapor
(evapotranspiration; ET), and sensible heat (H) were calculated at half hour intervals. Wind
velocity was measured with a CS CSAT3 sonic anemometer. CO, and water vapor density were
measured with a LI7000 closed-path Infrared Gas Analyzer (LiCor; Lincoln NE) [Goulden et al.,
1996, 2004]. The half-hour fluxes were filtered to remove calm periods (observations with a
friction velocity (u*) less than 0.2 m s™) [Goulden et al., 1996]. The half-hourly gross ecosystem
exchange (GEE) was calculated as the difference between observed NEE and the respiration
determined for 10-day periods. Respiration was calculated as the y-intercept of a linear fit to the

half hour NEEs during windy periods with incoming solar radiation (K) less than 200 W m™,
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We used the energy budget closure to confirm that our daytime observations were not
systematically less accurate than those reported for lowland, comparatively flat sites. Energy
budget closure was determined as the linear regression of net radiation against the sum of latent
heat, sensible heat, and soil heat flux. Soil heat flux was calculated from the half-hourly changes
in soil heat content determined with thermocouples near the tower at 10, 50, 100, and 200 cm
depth. The energy budget linear regression was forced through the origin for half-hourly
observations during windy periods (u* > 0.2 m s™). Energy budget closure was 86%, which is
comparable to that reported for eddy covariance at comparatively flat sites [Turnipseed et al.,
2002; Wilson et al., 2002; Foken, 2008]. Evapotranspiration (ET) and GEE were subsequently
corrected for the lack of energy budget closure by dividing all fluxes by 0.86 [Twine et al.,
2000].

Seasonal and annual totals of ET and GEE were calculated by summing after filling
intervals with missing, calm, or otherwise unsuitable observations [Goulden et al., 1996; Moffat
et al., 2007]. Missing ET observations were filled as a linear function of K, and missing GEE as
a nonlinear function of K. Missing observations were more common in winter when snow and
low solar angles depleted battery charge. Usable eddy covariance observations were available for
88.5% of the daylight periods in spring and summer, and 60.1% of the daylight periods in
autumn and winter. The uncertainty associated with filling missing observations as a function of
environmental conditions is typically minor [Goulden et al., 1996; Moffat et al., 2007].

3.2.4. Biomass and production measurements

Aboveground biomass and species composition were measured in September 2009 by

identifying, tagging, and measuring the diameter at breast height (dbh) of all trees with dbh

greater than 10 cm [Figure 3.2]. Species-specific allometric equations were used to covert dbh to
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aboveground stem biomass [Means et al., 1994]. Aboveground stem increment was measured
using dendrometer bands. Ninety-eight of the 229 trees in the plot (dbh > 10 cm) were fitted with
dendrometer bands [Hall, 1944; Keeland and Young, 2007], which were measured every 4 — 12
weeks during the study. We estimated stem increments for trees without dendrometers by
regressing measured growth increments to diameter for each species.

Litter production was measured using forty 26 cm x 56 cm plastic trays arrayed in a grid
within the plot. The trays were collected once during the growing season, once before snowfall,
and immediately after snowmelt. Litter was dried at 65°C and weighed to calculate litterfall
biomass by ground area.

3.3. Results

3.3.1. Meteorology

The meteorological conditions observed were typical of a mid-elevation, snow-dominated
Mediterranean climate. Precipitation averaged 1102 mm yr' during the study period, with 90%
falling between October 1 and April 15 [Table 3.1]. Precipitation generally arrived in multi-day
winter storms, and about 70% fell as snow during WY's 2008 and 2009 [Bales et al., 2011b]. A
snowpack persisted through most of the winter. [Figure 3.3; Stephenson, 1988]. Mean annual
temperature measured at the tower top during WY 2009 — 2012 was 9.0°C. Summer mean high
temperature (JJA) was 18.4°C and mean low was 14.1°C. Winter mean high temperature (JFM)
was 5.1°C and mean low was 0.4°C. Summer midday temperatures were 2.6°C higher at 2 m
height than the tower top, and night-time temperatures were 2.1°C colder at 2 m than at the tower
top [Figure 3.4a]. Winter midday temperatures were not significantly different between 2 and 55

m heights, while night-time temperatures were 2.0°C colder at 2 m than 55 m [Figure 3.4b].
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Figure 3.3. Weather in water year 2010. a) Daily high (close circles) and low (open circles) air
temperatures measured at the tower top (°C), b) daily total incoming solar radiation (MJ m-2 d-
1), c¢) daily high and low vapor saturation deficit (kPa), and d) cumulative precipitation (mm).
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Table 3.1. Weather at the tower site measured during water years 2008-12 (Sept. 1, 2007 — Aug.
31,2012).
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Figure 3.4. Air temperature at 2 m, 10 m, 25 m, and 55 m above ground level during the day
(solid lines) and at night (dashed lines) during a) winter (DJF) and b) summer (JJA). Error bars
are standard errors of the means.
3.3.2. Tree biomass and production

Aboveground tree stem biomass was 91 tC ha™' in September 2009. Stem growth continued
year round, with about 40% of annual growth occurring in the summer and the remaining growth
spread evenly through the rest of the year. Gross woody growth averaged 2.1 tC yr'', and was 2.0

tC yr’' after accounting for mortality. Annual stem production varied by less than 0.15 tC ha™

from year to year. Most leaf mass fell in late summer and early autumn, and consisted primarily
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of several-year-old senescing conifer needles. Annual litterfall was 4.7 tC ha” yr', which was

about twice stem growth. Aboveground net production averaged 6.7 tC yr' [Figure 3.5¢].
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Figure 3.5. Seasonal carbon exchange from 2009 — 2012 in tC [3 mo] ™. a) Gross ecosystem
exchange, b) respiration, and c) aboveground net primary production.
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3.3.3. Seasonality of CO, and H,O exchange

Gross ecosystem exchange (uptake is positive), a measure of whole-forest photosynthesis,
continued year round [Figure 3.5a, Figure 3.6a]. Gross ecosystem exchange was highest in
spring and summer, averaging from 4.3-4.4 tC ha™ [3 mo]" for both seasons. Winter GEE was
nearly half summer GEE, averaging 2.1 tC ha™ [3 mo]" for the season. Despite a persistent and
deep snowpack, the forest showed photosynthetic activity and growth year round; winter
accounted for 15% of annual total GEE, and winter GEE rates were similar to summer GEE rates
at comparable temperatures [Figure 3.7]. Autumn months also showed high photosynthetic

activity, despite a lack of substantial precipitation in the previous five to six months.
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Figure 3.6. Cumulative carbon and water exchange from September 2009 to September 2012. a)
GEE (solid line) and ANPP (dashed line), b) ET (solid line) and precipitation (dashed line).
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Figure 3.7. GEE response to temperature by season. Temperature is binned in 2°C increments,
minimum 20 points per bin.

Evapotranspiration averaged 765 mm yr' (see also Goulden et al, 2012).
Evapotranspiration was highest in summer, and summer ET accounted for 45% of the annual
total [Figure 3.8a]. Spring ET accounted for 21% of the annual total, autumn accounted for 24%
and winter accounted for 10%. The seasonal pattern of water use efficiency (WUE) was
consistent from year to year [Figure 3.8b]. Water use efficiency (WUE) was defined as
seasonally averaged half-hourly mean GEE (umol CO,) divided by mean ET (mmol H,0™)
during sunny periods (K > 600 W m™). Water use efficiency was highest in winter and spring, at
about 3.9 mmol CO, mol H,O"'. Summer and autumn consistently showed low water use

efficiency, from 2.0 — 2.5 mmol CO, mol H,O™' [Figure 3.8b].
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Figure 3.8. Seasonal water exchange. a) Total seasonal evapotranspiration (mm H,0), dotted line

is mean seasonal PET, b) mean seasonal water use efficiency during sunny periods (K > 600 W
m’), ¢) total seasonal precipitation (mm H,0).
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Ecosystem light use efficiency (LUE) is a measure of photosynthetic carbon uptake per watt
of absorbed incoming radiation. We calculated seasonal light use efficiency by summing
seasonal gross ecosystem exchange and divided by seasonal total incoming solar radiation to
understand how GEE was influenced by seasonal radiation [Figure 3.9]. Light use efficiency was

highest in winter, slightly lower in spring, and lowest in summer. Autumn LUE was variable.
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Figure 3.9. Mean seasonal grams of gross carbon uptake per incoming megajoule of solar
radiation.
3.3.4. Canopy gas exchange responses to meteorological conditions

We compared the GEE rates during sunny periods (K > 600 W m™) with canopy air
temperatures measured at the tower top to understand how winter cold and summer drought
affect photosynthetic rates. Despite a small 2.0°C difference in air temperature between summer
and autumn sunny periods, we found that autumn GEE rates dropped by 25% compared to
summer [Figure 3.5].

Mean GEE rates never dropped below 5.7 pmol CO, m™ s during sunny periods.
Photosynthesis continued below air temperatures of 0°C [Figure 3.7]. Spring GEE peaked
around 10°C at 15.4 pmol CO, m™ s, while GEE peaked around 8°C during the rest of the year.

Spring and summer showed almost identical temperature responses of GEE, except that summer
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GEE was much higher in the 7-10°C range than spring. Winter responses of GEE were depressed
at a level similar to autumn. Winter cold acclimation would be evident as a less sensitive
temperature response curve of GEE in winter compared to other seasons. Below 10 °C, we did
not see a difference in response of GEE to cold temperatures [Figure 3.7]. ANCOVA analysis
showed the slope of GEE response to cold temperature is identical between seasons (p < 0.05).

Gross ecosystem exchange declined with increasing canopy air temperatures above 12°C in
spring and summer. Autumn GEE declined with increasing canopy air temperatures above 15°C.
ANCOVA analysis showed the slope of GEE response to increasing temperatures above these
thresholds is identical between spring, summer, and autumn (p < 0.05). Winter canopy air
temperatures never rose above 12°C, and at these temperatures no decline in GEE with warm
temperature was observed.

We used surface soil data as a proxy for water content throughout the column and as a
measure of the timing of the wet and dry seasons, but note that trees access soil water far below
this depth [Bales et al., 2011b; Fellows and Goulden, 2014]. Gross ecosystem exchange during
sunny periods was well correlated with soil volumetric water content (VWC) in the upper 30 cm,
especially below about 0.09 cm® cm™. Gross ecosystem exchange was lowest in summer, when
soil VWC dropped below 0.05 cm® cm™, and highest in winter, when soil water climbed above
0.12 cm’ cm™. Autumn had the narrowest intraseasonal range and lowest values of soil VWC
(~0.05 — 0.08 cm’ cm™), but showed moderate rates of GEE, around 11 pmol CO, m™s™.

We tested the hypothesis that warm temperatures and dry soils during summer and autumn
interact to depress GEE. Periods during the summer and autumn months above 12°C were
considered [Figure 3.7]. The influence on GEE of temperature, soil volumetric water content,

and their interaction was evaluated using a multivariate linear model. Warming temperatures,
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drying soil moisture, and the interaction each significantly depress GEE during sunny periods (p
<0.05).

Mean annual ET was 765 mm yr', while annual precipitation was 1102 mm yr”' during the
study period. The pattern of seasonal ET was out of phase with the pattern of precipitation:
winter accounted for 10% of annual ET and 50% of annual precipitation, and summer accounted
for 45% of annual ET and just 3% of annual precipitation [Figure 3.8].

3.4. Discussion
3.4.1. How does summer heat and drought limit forest canopy gas exchange?

Previous work has suggested the Sierran mixed conifer forest is limited by stress with both
winter cold and summer drought [Stephenson, 1998; Urban et al., 2000; Royce and Barbour,
2001b], yet our canopy CO, and H,O flux measurements show high rates of canopy gas exchange
continuously year-round, including periods with cold temperatures and summer drought. About
60% of annual GEE occurred during months when the ground was usually snow-covered and
temperatures were close to freezing. The remaining 40% of annual GEE occurred during the dry
season, when only 10% of annual precipitation fell. There was net carbon accumulation during
all months of the year.

Photosynthesis rates remained high throughout the winter. During sunny periods, GEE rates
in winter were 90% of summer rates, despite a mean air temperature of 6.7°C. Below 12°C, GEE
declined with decreasing temperature at the same rate between summer and winter (p < 0.05),
indicating no winter dormancy. Photosynthesis rates remained high through the late summer
drought. Above 12°C, photosynthesis decreased with increasing temperature at similar rates
during summer and spring [Figure 3.7]. This indicates the sensitivity of leaf gas exchange to

temperature, associated with either stomatal closure or reduced net CO, uptake, did not increase
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with summer drought. Late summer drought stress would be evident in diminishing
evapotranspiration compared to potential evapotranspiration as the summer progresses. In the
Sierra mixed conifer forest, evapotranspiration was nearly equal to potential evapotranspiration
year round [Figure 3.8a]. This implies that drought stress did not induce dormancy in late
summer and roots accessed moisture in the deeper soil and regolith.

3.4.2. Plant adaptation to avoid drought and cold stress

Four phenomena helped the vegetation avoid cold and drought limitation: 1) trees were
adapted to photosynthesize at low temperatures, 2) air temperatures in the canopy were warmer
in winter and cooler in summer compared to 2 m heights, 3) trees were able to access water
during the winter freezing period, and 4) trees were able to access soil water through the summer
drought period.

Cold temperatures during sunny periods did not strongly constrain annual net production,
and this forest had a low optimal temperature for GEE [Figure 3.7]. Maximum GEE uptake
occurred at an air temperature of about 8°C and remained at 50% of maximum rates near 0°C
during all seasons. GEE was reduced by 50% or more due to cold during only 2% of sunny
periods. At about 3°C, NEE rates were more than 75% of peak rates in both spring and autumn.

The optimal temperature range for GEE in this forest was between about 5 and 13°C, which
is lower than almost all observed forest types reported by Yuan et al. (2011). The temperature
below which NEE becomes a loss, T, was -6°C in the Sierra mixed conifer forest. This is 5°C
lower than 7} at a mixed conifer site in Southern California, reported by Fellows and Goulden
[2013]. The Sierra mixed conifer forest 7, was 13°C below the value of +8.2°C predicted by

Yuan et al. [2011] for a forest with the same mean annual temperature.
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We suspect there are four reasons for this apparent cold adaptation. The first is that leaf
physiology was adapted to take advantage of winter precipitation and intermittent warm, sunny
conditions during winter months: only 3% of sunny periods were below 0°C. Second, the
ecosystem rarely experienced temperatures below -5°C (2.5% of the year) and thus leaves did
not need protection against freezing or cold desiccation [Parker, 1963]. Third, the soils did not
freeze and snow melted from below, which provided accessible soil water throughout the winter
[Bales et al., 2011b]. Finally, this forest was at 37°N latitude. Midwinter days received enough
radiation for net photosynthetic carbon uptake. Dark-colored leaves were likely several degrees
warmer than air temperature. These factors together negated any advantage of winter dormancy,
and there was no evidence of winter dormancy in any of the conifer species found at this site.

Canopy air temperatures were moderate compared to surface (2 m) air temperatures [Figure
3.4]. Summer daytime canopy VSD was less than surface VSD, and winter daytime canopy air
temperatures were warmer than surface air temperatures. Rambo and North [2009] also found in
nearby stands of mixed-conifer forest that winter temperatures were warmer in the canopy than
at the surface, and summer mean daytime air temperatures were cooler in the canopy than at the
surface. Moderate canopy temperatures were advantageous for tall trees compared to shorter
vegetation: evaporative demand was diminished in summer and higher photosynthetic rates were
possible in winter.

Mean seasonal GEE showed a limited response to soil moisture. Summer and autumn were
consistently dry, but autumn GEE was diminished by only about 20% compared to spring. This
forest experienced a slowdown in photosynthesis when surface soil VWC dropped below about
0.07, suggesting a threshold for a limited physiological response to drought stress caused by low

soil surface VWC, and exacerbated by increasing temperature. This response was only
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substantial during the dry season, several months after snow has melted and before winter rains
arrived.
3.4.3. Why has the effect of drought and cold been overestimated?

Physiology and production in this forest were neither greatly cold-limited in winter nor
drought-limited in summer. Discussions of natural history [Waring and Franklin, 1979;
Stephenson, 1988; Schoenherr, 1992; Urban et al., 2000; Walter and Breckle, 2002] suggest that
Sierra montane forest experiences a substantial water deficit in late summer and an energy deficit
in mid-winter. These limitations would cause summer drought stress and winter dormancy in this
forest, constraining growth to narrow seasonal windows, and potentially resulting in low annual
production and biomass. However, standing biomass in this forest was large, comparable to
tropical rainforests [Houghton, 2005]. Net primary production was also comparable to tropical
forests [Clark et al., 2001], and stem growth occurred year round. We identified two
environmental factors moderate the effects of cold winters and dry summers: 1) moderate canopy
air temperatures, and 2) accessibility of deep soil water.

Canopy air temperatures above about 10 m were moderate compared to temperatures near
the surface [Figure 3.4]. Winter temperatures above 10 m were 1.9°C warmer at night compared
to 2 m temperatures. Summer daytime temperatures were 2.6°C cooler above 10 m compared to
2 m temperatures, and summer night-time temperatures were 2.1°C warmer above 10 m. Many
models of photosynthesis and evapotranspiration rely on measured or estimated air temperatures
at 2 m height. Air temperatures at 2 m height were warmer in summer and colder in winter than
canopy air temperatures. This incorrect estimation of canopy meteorology could cause models to
overestimate summer evapotranspiration and drought stress as well as winter cold limitation on

photosynthesis.
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The Mediterranean mixed conifer forest supports high standing biomass, and is thus
expected to exhibit drought stress and drought avoidance strategies to avoid embolism and
carbon starvation during the long summer dry period [Panek and Goldstein, 2001]. Spring and
autumn temperatures were nearly identical, but soils were mostly saturated in spring whereas the
upper 1-2 m was completely dry in autumn. Our data show a modest 11% reduction in GEE rates
in autumn compared to summer despite a lack of substantial precipitation for the prior several
months. The slight reduction in GEE and similar WUE between summer and autumn indicate the
forest is accessing deep soil water throughout the dry season.

3.4.4. Implications for impacts of climate change

Models of the impact of a changing climate on the Sierra Nevada that rely on the assumption
that productivity in the mid-montane forest is limited by winter cold and summer drought may be
predict inaccurate responses. The Sierra mixed conifer forest is well-adapted to its present
environmental conditions. Trees growing at the site accessed deep soil water during summer and
autumn, mitigating potential drought stress [Bales et al., 2011b]. The mixed conifer forest
avoided winter dormancy and took advantage of the ample soil water and slightly-above-freezing
temperatures of winter.

The high year round rates of GEE, a stable year round WUE, seasonal ET equal to PET, and
a high ET:P ratio lead us to conclude that annual ET is co-limited by precipitation and potential
evapotranspiration. While this forest was suited to current meteorological norms, this analysis
also suggests vulnerabilities to future drought and warming. This forest lost the majority of its
annual precipitation through evapotranspiration [Figure 3.6b]. If droughts intensify in the region
as predicted [Cayan et al., 2008; Diffenbaugh et al., 2008], this forest would draw down deep

soil water earlier in the summer and experience longer and more intense drought stress during
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summer and autumn. Decreased available water would support less vegetation, cause forest
mortality, and decrease standing biomass and annual production episodically during drought
years.

Predicted warming with no change in precipitation would also intensify drought stress in
two major ways. Higher temperatures will increase PET and evapotranspiration rates, drawing
down deep soil water earlier in the season and exacerbating late summer drought stress.
Additionally, the winter snowpack allows deep percolation of water into soil weeks after the last
precipitation, reducing the length of the dry season in the soil [Winograd et al., 1998]. Snow at
the site often fell at temperatures very close to freezing; with slight warming, winter precipitation
will arrive as rain. This will reduce water stored in soils and lengthen the period between soil
water input in spring and fall. The combination of increased ET and decreased soil water would

force the forest to reduce its vegetation density, thereby reducing biomass and annual production.

52



Chapter 4. Water use efficiency variability and controls across ten California
ecosystems

4.1. Introduction

Ecosystem carbon and water cycling are connected by water use efficiency (WUE).
Photosynthetic uptake of carbon requires opening stomata that allows water loss via
evapotranspiration (ET). Plants employ a wide variety of adaptive mechanisms to minimize the
tradeoff between carbon gain and water loss given environmental conditions [Osmond et al.,
1987], including stomatal control [Cowan and Farquhar, 1977], photosynthetic pathways [Nobel
and Jordan, 1983], and overall photosynthetic capacity [Sharkey, 1984].

California’s Mediterranean climates span a broad temperature range, from the Colorado
Desert to the alpine peaks of Sierra Nevada Mountains. Timing of precipitation compared to
favorable growing temperature varies dramatically within this range, and is a factor in creating
the wide diversity of ecosystem types found there [Barbour et al., 2007]. Precipitation regimes
across California are predicted to change in the future toward increased drought intensity and
warming [Cayan et al., 2010]. Understanding the meteorological controls and physiological
limits on water use efficiency can indicate the adaptability of these ecosystems to environmental
change.

Ecosystem water use efficiency (WUE) can be calculated as the ratio of gross primary
production to evapotranspiration. Evapotranspiration at the ecosystem level is the product of a
number of interrelated factors, including water lost to surface evaporation [Grelle et al., 1997,
Wilson et al., 2001], vapor pressure deficit [Monteith, 1965], and canopy conductance [Kelliher
et al., 1993]. In this study, we examine the contribution of each of these factors to

evapotranspiration at ten sites across a precipitation gradient in California.
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4.2. Methods

We evaluated the relationships between WUE, meteorology, and ecosystem physiology
across a diverse set of ecosystems and climates to understand the controls on ecosystem water
use efficiency. We focused on ten California ecosystems across a 1200 mm yr' precipitation
gradient [Table 4.1]. Six sites span a 100 km east-west, coast-to-desert transect in Southern
California. Four sites span a 70 km east-west, 2300 m elevation transect in the central Sierra
Nevada Mountains of California [Kelly and Goulden, 2014]. An eddy covariance tower at each
site measured carbon flux, water vapor flux, sensible heat flux, and meteorology [Goulden et al.,

1996]. Aboveground biomass and net primary productivity were measured at nine of the ten

sites.

Table 4.1. Site ecosystem types, locations, mean annual temperature (MAT) and mean annual

precipitation (MAP).
Elevation (m) Latitude (°N) Longitude (W) MAT (°C) MAP (mm)
Desert scrub 275 33.652 -116.372 23.2 114
Desert chaparral 1300 33.610 -116.450 16.4 287
Pinyon-juniper woodland 1280 33.605 -116.455 16.5 287
Coastal grassland 470 33.737 -117.695 16.5 288
Coastal sage scrub 475 33.734 -117.696 16.4 288
Oak-mixed conifer forest 1710 33.808 -116.772 13.2 429
Oak savannah 405 37.109 -119.731 17.6 536
Ponderosa forest 1160 37.031 -119.256 14.0 808
Sierra mixed conifer forest 2015 37.067 -119.195 9.0 943
Lodgepole forest 2700 37.067 -118.987 4.9 1368
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Gross primary production (GPP) was computed by summing the half-hourly CO, fluxes
calculated from the eddy covariance tower measurement. Annual ET was calculated by filling
and summing half-hourly water vapor fluxes. Net radiation was fit to the sum of latent heat,
sensible heat, and soil heat fluxes to calculate energy budget closure. Water and CO, fluxes were
corrected by this energy budget closure term.

Water use efficiency (WUE) was calculated as annual gross primary production (GPP) divided
by annual evapotranspiration (ET;

Equation 4.1).

Equation 4.1. Ecosystem WUE.

WUE — GPP
"~ ET

Vapor pressure deficit (VPD) and canopy conductance (G;) were calculated using an
inverted Penman-Monteith method [Stewart, 1988]. The ratio of internal leaf to external CO,
partial pressures was calculated with

Equation 4.2.

Equation 4.2. Canopy ci/C,.

C; —1 GEE -p,
Cq Gs- ¢,

Surface evaporation is a component of evapotranspiration that never enters the ecosystem.
Greater surface evaporation relative to transpiration would reduce ecosystem WUE, despite the

ecosystem never accessing to this water. We quantified the magnitude of surface evaporation by
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calculating ET while snow was on the ground or within 72 hours following rain (ETye) with ET
calculated during all other periods (ETgry). We fit ETq,y to incoming solar radiation and used this
fit to estimate ETg, during wet periods. Estimations of ETg4,, were subtracted from ETy. during
wet periods to obtain the difference in ET between wet and dry periods. We attribute the
difference between ETy; and ET4ry to surface evaporation. The sum of the excess ET during wet
periods was divided by total annual ET to estimate the fraction of total annual ET lost to surface
evaporation [Figure 4.2a].
4.3. Results and Discussion

Water use efficiency increased with increasing annual precipitation up to about 600 mm yr™'
[Figure 4.1a]. Water use efficiency plateaued above 600 mm yr™', at around 2.5 mol H,O [mmol
CO,]". Interannual variability in WUE at nine of the ten sites was less than the variability in
WUE between sites. Grasslands, shrublands, and savannah (including the pinyon-juniper site)
showed increased WUE with increased precipitation. Montane conifer forests, where average
annual precipitation was above 600 mm yr™', experienced slight or no increase in WUE during

drier years.
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Figure 4.1. Ecosystem water use efficiency, gross primary production, and evapotranspiration
with respect to annual precipitation. Thin lines are linear fits of variables vs. annual precipitation
at each site. Bold lines are inverse exponential fits to all sites excluding lodgepole forest. a)

Annual water use efficiency (WUE; mmol CO, [mol H,0] ™). b) Gross primary production in tC

ha™. ¢) Evapotranspiration in mm yr™.
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Gross primary production increased more rapidly than ET with increased precipitation
[Figure 4.1a,b], causing the steep curve in WUE below 400 mm yr'. Above about 600 mm yr™,
both GPP and ET increased at similar rates with precipitation, which caused a plateau in WUE.

The distribution of annual WUE with precipitation raises four questions: 1) what determines
the steep slope of WUE below 600 mm yr™' and the plateau of WUE above 600 mm yr', 2) what
determines interannual variability in WUE within sites, 3) why is WUE at the coastal sage scrub
site much higher than the overall trend, and 4) why is the WUE at the lodgepole site below the
overall trend? We examine three major components of WUE to answer these questions: 1) the
surface evaporation fraction of evapotranspiration, 2) meteorological drivers of
evapotranspiration, and 3) plant physiological control of evapotranspiration.

4.3.1. Surface evaporation control on ecosystem water use efficiency

Ecosystem water use efficiency across all sites and all years generally declined with
increasing fraction of ET lost to surface evaporation [Figure 4.2a]. Warmer and drier sites lost
the highest fraction of ET to surface evaporation [Figure 4.2b]. We attribute greater surface
evaporation at these sites to warmer temperatures following rain and less canopy closure at these
sites [Jin and Goulden, 2013], which is associated with increased surface evaporation [Black and

Kelliher, 1989].
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Figure 4.2. Surface evaporation. a) Annual WUE as a function of fraction of ET lost to surface
evaporation. b) Surface evaporation fraction of ET as a function of annual precipitation.
4.3.2. Meteorological control of WUE

Vapor pressure deficit is an important driver of evapotranspiration. We calculated half-
hourly VPD for sunny periods (K > 400 W m?) using tower meteorological data and leaf
temperature inferred using an inverted Penman-Monteith equation. Half-hourly VPD was then
weighted by half-hourly GEE to obtain a weighted VPDggg. Ecosystem WUE was compared to

VPDgeg [Figure 4. 3] .
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Figure 4.3. Annual WUE vs. VPD (kPa) weighted by half-hourly GEE during sunny periods (K

> 400 m™).

The broad trend was a general decline of WUE with increasing VPDggg. Montane conifer
ecosystems exhibited no response of WUE to VPDgge. Decreasing WUE with increasing
Montane sites clustered within a narrow range of VPDggg from 1.0 — 2.0 and WUE from 2.0 —
3.0, and none exhibited clear trends in WUE with VPDggg, suggesting that VPD is not an
important control on WUE at these sites. The coastal sites did not exhibit a large interannual
variability in VPDgge and could not explain the high WUE at the sage site. VPDggr at the three
desert sites matches the prediction of decreasing ecosystem WUE with increasing VPD [Jarvis
and McNaughton, 1986]. Vapor pressure deficit, when weighted by half-hourly GEE, is an

important control on WUE in only the desert systems.
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4.3.3. Physiological control on ecosystem water use efficiency

Mean annual canopy internal CO, concentrations exhibit strong interannual variability at the
desert, scrubland, and savannah sites, but no significant variability at the montane sites [Figure
4.4]. The desert, coastal, and savannah sites are composed of mixes of annuals, perennials, forbs,
grasses, shrubs, and small trees. The flexible physiology of desert and Mediterranean shrubs can
lead to high interannual variability of ecosystem-level ci/c, [Ehleringer et al., 1991, 1992]. The
montane sites are composed largely of evergreen trees with few C, and annual plants. The
montane sites were buffered from drought stress, likely due to deep rooting, which minimized
the effects of low rain years on ci/c, [Fellows and Goulden, 2013, 2014; Kelly and Goulden,

2014; Kelly et al., 2014].
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Figure 4.4. WUE vs cy/c, during sunny periods (K > 400 W m™) with moderate VPD (0.5 - 3.0
kPa).

Increasing ci/c, is associated with decreasing WUE at eight of the ten sites, consistent with
theory relating WUE to ci/c, [Field et al., 1983]. The oak woodland exhibited an opposite trend,
with low interannual variability in ci/c,. Coastal sage scrub annual mean ci/c, varied 50%, the
widest range of ci/c, of the ten sites. Interannual variability in ci/c, in the montane conifer sites
was lower than the desert and coastal sites, likely reflecting the greater water availability at the
conifer sites.

4.3.4. Synthesis

The steep slope of WUE below 600 mm yr”' precipitation is due to several complementary
factors: high surface evaporation, high VPDggg, and responsive ci/c,. The driest sites show a
significant decrease in WUE due to losses of precipitation to surface evaporation. Vapor pressure

deficit is also an important limiting factor on WUE in dry ecosystems: above VPDggg of 2.0 kPa,
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all ecosystems showed a decline in WUE with increasing VPDgge. Increasing ci/c, was
associated with a decline in water use efficiency at nine of the ten sites.

Interannual variability in WUE between sites was only observed at the driest sites, below
annual precipitation of 600 mm yr'. These sites all exhibited the greatest interannual variability
in surface evaporation, VPDggg, and ci/c,, leading to more variability in annual WUE.
Interannual variability in WUE at the montane conifer sites was insignificant; these sites showed
little variability in surface evaporation, VPDggg, and ci/c,.

The coastal sage scrub site stands apart from the other sites with four years of WUE more
than double the mean WUE of other sites. The effect of VPDggg had little effect on WUE. Years
with lower surface evaporation had higher WUE, but the most important factor was ci/c,. During
the four years with very high WUE, ci/c, was lower than any other site. This site was recovering
from a fire immediately preceding the study period, and coincident above-average rainfall. The
site biomass and production was dominated by Acmispon glaber ((VOGEL) BROUILLET), a
nitrogen fixer. A. glaber maintains low ci/c, [Comstock and Ehleringer, 1986] and N-fixers
exhibit higher WUE compared to non-N-fixing C3 plants [Sage and Pearcy, 1987]. We conclude
the high WUE at the coastal sage site was due to post-fire recovery dominated by a nitrogen fixer
during a period of high rainfall.

The lodgepole site shows WUE below the mean WUE for other montane conifer sites. This
site’s surface evaporation rate, VPDggg, and ci/c, were within the ranges of the other conifer
sites, suggesting a fourth control on its low WUE. Annual GPP was about half of GPP at other
conifer sites with similar precipitation, and this was the only site that experienced prolonged
winter dormancy [Kelly and Goulden, 2014]. We conclude that the low annual GPP due to

winter dormancy is the cause of low annual WUE at this site.
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4.4. Conclusions

This study highlights the variability of sensitivities to important controls on water use
efficiency. Dry ecosystems (P < 600 mm yr''), composed of a mix of annual grasses, forbs, and
drought-adapted shrubs, can respond more flexibly to interannual variability in precipitation.
Variability in annual precipitation can cause significant changes in leaf area and species
composition, and a concomitant change in WUE. In contrast, wetter ecosystems (P > 600 mm yr
" are composed of long-lived, high biomass trees. These forests contain biological inertia: they
are unable to alter leaf area or species composition in response to a single drought year, and thus

WUE is insensitive to interannual variability in precipitation.
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Chapter S. Conclusions

This dissertation attempted to better understand how climate affects carbon balance,
water cycling, and ultimately ecosystem function. Chapter two examines a climate gradient
across the Sierra Nevada to quantify the climate limitations on growth and the controls on
biomass. Chapter three focuses on the ecophysiology of the mixed conifer forest of the Sierra
Nevada to understand ecosystem vulnerabilities and resilience to winter cold and summer
drought. Chapter four is an analysis of ten diverse ecosystems to understand how climate
controls the interactions between gross primary production and water use, and to parse the
components of evapotranspiration.

5.1. Chapter synopses

Chapter two builds an understanding of how climate limits growing season, photosynthesis
rates, and ultimately governs ecosystem carbon storage. The western slope of the Sierra Nevada
was the study system: four eddy covariance towers measured meteorology, gas fluxes, and
energy balance over a 2300 m elevation range. Ecosystem production was also observed via
ground-based measurements. The length of the growing season, mortality rates, and timing of
favorable temperatures with respect to available soil water were the primary drivers of ecosystem
type and standing biomass. The subalpine site could become more productive with warming or
drought due to a longer growing seasons. The other sites would likely lose biomass with
increased mortality, and the ponderosa forest may be the most vulnerable to type conversion with
warming or drought, to lower-biomass, drought tolerant chaparral.

Chapter three is an analysis of seasonal cold- and drought-induced limitations on
productivity in the Sierra mixed conifer forest. This region has an anomalously high biomass and

production for a montane Mediterranean climate, based on bioclimatic conceptual models. The
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observations presented show that the snowy winters did not induce winter dormancy, nor did
summer drought strongly curtail late summer photosynthesis. The growing season at this site was
nearly year-round, and was limited primarily by available solar radiation during short winter
days and cloudy winter storms. Low-temperature photosynthesis and access to deep soil water
appear to be the main mechanisms that allow this forest to persist.

Chapter four compares the relationship of ecosystem water use efficiency to climate across
ten major ecosystem types in California. Water use efficiency was positively correlated with
precipitation below 600 mm yr' and plateaus above this threshold. High vapor pressure deficit,
high surface evaporation, and high internal CO, concentrations at the desert and coastal sites both
contributed lower WUE, but did not affect the montane forest sites. Lower annual precipitation
was associated with higher variability in ecophysiology, while montane conifer sites with high
precipitation (above 600 mm yr™') exhibited inflexible ecophysiological response to interannual
variability in precipitation.

5.2 Implications and future directions

These results highlight the need for an understanding of climatic thresholds of
ecophysiological response across individual ecosystem functional types. These analyses show
that nearby ecosystem types can exhibit vastly different adaptations and responses of growth,
water use, and dormancy to changes in temperature and precipitation. Recognizing ecosystems
close to their physiological limits of survival is key to identifying the ecosystems most
vulnerable to climate change.

These observations show that it is likely that low-elevation forests, which are already limited
by summer drought and heat, would be the most vulnerable to a few degrees of warming or

increased drought frequency. Ecosystems that are particularly well drought-adapted, such as
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coastal grassland, deserts, and oak savannah, would likely remain within their physiological
limits with predicted warming and drought. California mid-montane forests could experience
decreased biomass, perhaps similar to the recent forest mortality in the Rocky Mountains.
Subalpine forests limited by cold temperatures and a persistent snowpack could increase their
productivity and biomass with warming or drought.

This research could be improved with direct physiological measurements across the
gradient, particularly leaf gas exchange and sap flux. Targeted measurements of individual trees
of major species at a more refined elevational scale, at 100 to 200 m elevation increments, would
illuminate stressors on species caused by climate. This study aggregated tree response at the plot
level, but did not address species-level differences in physiology. These results show that
physiological differences at the plot level are important, but identification of major species’
contributions to carbon and water cycling would be critical to understand future consequences
for ecosystem composition and species conservation.

California has undergone decades of severe drought and warmer temperatures in the
Holocene, yet has remained the sole refuge of many species since the Pleistocene [Raven and
Axelrod, 1995]. Vegetation mortality and range contraction are not the only possible outcome of
future change. Understanding the vulnerability and resilience of California’s unique communities
is critical to predict the effect of future climate changes within the region, and will also provide a
more nuanced understanding of ecophysiology that could aid predictions of terrestrial feedbacks

to climate change globally.
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