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ABSTRACT

Tree ring patterns provide one of the best records of historical climate variability. I evaluated
growth increment periodicity and the stable isotope ratios of carbon in two woody plant species
using the C3- and C4-photosynthetic pathway. The investigated species, Mamane (Sophora
chrysophylla, C3) and ‘Akoko (Euphorbia olowaluana, C4), are small endemic Hawaiian trees
sampled from a rather dry, high elevation habitat on the ridge between Mauna Loa and Mauna
Kea on the island of Hawai‘i, USA. A relatively strong correlation in ring patterns was found
within the ‘Akoko and the Mamane individuals as well as with ring-width patterns from a nearby
population of introduced Deodar Cedar (Cedrus odorata) trees that serve as a reference. This
correlation is evidence that the C4-plant ‘Akoko may form annual growth rings. In addition to
being the first demonstration of annual growth rings in a C4 plant, our findings have important
implications for future climate change research in Hawai‘i. Unlike plants with a C3-
photosynthetic pathway, C4 plants do not show strong bias against °C during the photosynthetic
fixation of CO,. Thus, ‘Akoko may provide a record of past atmospheric CO, concentration
(CO2atm) that can be compared with, and possibly supplement, the well-known Keeling curve
produced by the nearby Mauna Loa Atmospheric Observatory. Regression analysis indicates a
significant relationship between ‘Akoko 8"°C averages and atmospheric 3'"°C values.
Furthermore, time series of tree ring data from both species provide long-term information on the
response of C3 and C4-plants to increasing atmospheric CO, concentrations and climate change.
Trends in §'"°C (intrinsic water-use efficiency, iWUE) of the two species show similar responses
in that both demonstrate an increase in iWUE over time and with increased COzam. ‘Akoko and

Mamane iWUE curves are different however, in that the ‘Akoko (C4) curve is non-linear and a
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significant increase could only be observed post 1975, while the Mamane curve shows a distinct

linearly increasing trend throughout the observation period.
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INTRODUCTION

Dendrochronology is the study of tree ring patterns. It is well known that temperature,
relative humidity, precipitation, and light are primary influences on tree growth and thus ring
width. With tree ring analysis, we are able to fill in the gaps in our understanding of past climate
conditions (i.e., precipitation, temperature, and concentrations of atmospheric gases) and forest
conditions (e.g., stand history, age-structure, growth dynamics, and longevity of dominant tree
species) by analyzing ring patterns and isotopic compositions (Stahle 1999; Worbes et al. 2003;
Brienen & Zuidema 2005; Brienen et al. 2012). This knowledge is fundamental to making
management decisions for forest conservation and restoration as well as for climate change
mitigation (Lindsey et al. 1997; Worbes et al. 2003; Briffa et al. 2004). Here, I provide a general
explanation of how results are derived using dendrochronology methods. I also discuss studies
that have used dendrochronology methods in estimating forest and climate parameters.
Cross-dating:

The first step in using tree rings for determining annual climate conditions is to
synchronize or to cross-date (Baillie & Pilcher 1973; Worbes 1995). In this case, cross-dating is
defined as the comparison of different tree ring radii within the same sample or between samples,
in order to detect exceptionally wide or narrow rings (Worbes 1995) indicating so-called event
rings/years. Furthermore, unique sequences of wide and narrow rings are sought because they
can reflect particular environmental or weather situations during consecutive years. This is
mainly done to account for any “false” or “missing” rings. These problematic ring situations are
thought to be due to stress during the growing season, although the exact causes are not well

understood (Stokes & Smiley 1996). A long-lasting drought for example, would appear as a ring



with very little growth. During years such as these, the tree is likely to grow only at particular
stress points, such as those under branches. In other parts of a tree stem the ring might
completely be absent because no wood cells have been formed (“missing ring”). Core or cross-
section samples that are not obtained at these points, may not display the ring (Stokes & Smiley
1996). Also, more than one radii (2-3 or more, if stem disks are available) and several different
trees, possibly >15, should be sampled at a site. This level of sampling drastically reduces the
possibility of not detecting missing rings. Short-term drought may cause ring growth to
temporarily slow down or cease before recuperation after return to normal moisture conditions.
Such situations can cause intra-ring, i.e.intra-annual, wood density fluctuations that may be
interpreted as “false” tree rings. Again, comparing several individuals reveals “false” rings
because of variations in micro-site conditions that let trees respond slightly different.

The rationale behind cross-dating is that the ring patterns of different radii measured on
the same sample of wood should be in sync. By checking each ring with its counterparts along
different radii, we are ensuring that every ring is “true.” Once the samples are cross-dated
internally, they are then cross-dated with other individuals within the forest stand. High
correlations in ring patterns indicate that the rings are similarly reflecting climate fluctuations
and are a strong indication of growth ring periodicity (Holmes 1983; Cook & Kairiukstis 1990;
Worbes 1995).

Next is the assignment of calendar dates to each ring. In temperate zones with strong
seasonality, it is often possible to use live tree cores (Tyrrell & Crow 1994; Waskiewicz et al.
2007). This is beneficial because live cores allow for the assignment of the core collection year
to the outermost ring closest to the bark. From here it is possible to count backwards and assign

dates to each consecutive ring. For some native trees in tropical regions, cores are not sufficient.



Often rings on live cores are indistinguishable and difficult to count. In these situations, it is
necessary to take cross-sections in order to achieve a clear view of the ring structure (Francisco
2012). A problem with the cross-section approach is that the tree has to be felled or must already
be dead before a cross-section may be cut. If we do not know the year in which the tree died, we
cannot simply count back from the last ring to determine the date that each consecutive ring was
laid. In this situation, the ring width patterns from the cross-section must be cross-dated with
well-dated patterns (i.e., ring width chronologies) of a nearby species that does demonstrate clear
annual ring boundaries on a core sample. Correlation values (e.g., Pearson correlation or T-
values) allow for the determination of where the cross-section ring patterns line up along the core
chronology and thus allow for the determination of individual ring dates (Li et al. 2006).

Dendrochronology in tropical regions

Tree ring analysis has been widely used to reconstruct the climate and stand history of
temperate forests (Abrams et al. 1995; Swetnam & Baisan 2003; Rentch et al. 2003), but because
growth ring patterns are caused by annual variations in climate and imply the need for
seasonality, it is a common assumption that tropical trees lack annual rings (Lang & Knight
1983; Bruening 1996). This however, is not always true. Recent work conducted by Worbes et
al. (2003), has shown that tropical trees do in fact produce annual growth rings in areas where
there are fluctuating extremes in temperature or rainfall or distinct wet/dry seasons. Many other
studies have validated these findings and have important implications for the future of
management decisions involving tropical forests (Worbes 1989, 1995, 1999a; Stahle 1999;
Brienen & Zuidema 2005).

Sub-alpine locations in the tropics, such as those found on Hawai‘i Island’s Mauna Kea

and Mauna Loa volcanoes, are good potential areas for tree-ring studies in Hawai‘i because the
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often demonstrate seasonal patterns in rainfall and temperature. For example, drought events,
and frost in winter months are commonly found in these regions (Woodcock 1974; Ashlock &
Gange 1983; Lindsay et al. 1997). It is possible that the tree ring patterns of native tree
individuals found here may correspond to these extreme climatic events or “signals.”

The demonstration of annual growth rings in native Hawaiian trees would allow us to
assign calendar dates to each ring and correlate ring width patterns with existing climate data so
that inferences about historical climate conditions and forest responses can be made (Frank et al.
2008; Francisco 2012). Understanding how native trees have responded to El Nifio events and
other extreme climates in the past will allow scientists to better predict how the growth and
structure of native Hawaiian forests will react to climate change and global warming (Jin et al.
2003; Frank et al. 2008).

Supplemental isotope analysis:

Once the dates are determined, it is possible to perform isotope analysis in order to
understand isotopic concentrations in the ring of each year (Helle et al. 2005; Brienen et al.
2012). The ring-width patterns and isotopic ratios could then be correlated with existing climate
data such as atmospheric CO, concentrations, precipitation or temperature data in order to
catalog their relationships with ring width, growth rate, and wood density of the tree (Fichtler &
Clark 2003; Worbes 2003). Furthermore, these correlations could be used in the modeling of a
curve that can be extrapolated back in time to deduce historical climate conditions dating back to

before the beginning of climate data collections (Helle et al. 2005; Brienen et al. 2012).



C4 WoodyPlants as aPotential Proxy Record forAtmospheric! **CO,

Keeling (1960), described a trend involving the concentration and isotopic abundance of
atmospheric carbon dioxide (COzam) in the northern hemisphere. Since 1958, the Mauna Loa
Atmospheric Observatory on Hawai‘i Island has been measuring and documenting changes in
atmospheric CO; concentration ([CO;]am) over time. These data have contributed to the
“Keeling curve,” which is a graphical representation of the increase in [CO;]4m Over time.
Keeling found that [CO;].m followed a regular seasonal cycle that expresses the seasonal growth
and decay of terrestrial plants in the northern hemisphere, along with an overall regular increase
in [COz]am Over time, driven by anthropogenic activities such as land clearing and fossil fuel
combustion.

Carbon isotope analyses of atmospheric CO; have indicated an inverse relationship
between [COs]um and 3'°C, which is calculated using the ratio of carbon-13 (**C) isotope to
carbon-12 (**C) isotope and a standard (Craig 1957). Equation 1 details the calculation of §"°C.
Equation 1:

Equation for calculating 8"°C from isotopic ratio and standard where PDB is PeeDee Belemnite

carbonate standard (Craig 1957).

13 ~/12 ~
c/ (sample

13,~/12 ~
C/""Cppp

8C (%) = ( _ 1) x 1000 .

(Equation 1)

As [CO2]um increases due to fossil fuel burning and land-use change, >C/"*C ratios
(8"°C) decrease ( eg. Freyer and Belacy 1983; Leavit and Long 1986; Leavitt and Lara 1994).
This is because the organic matters that comprise fossil fuels have much less °C than

atmospheric CO, due to plants’ strong discrimination against °C during photosynthetic uptake



(Brugnoli et al. 1988; Farquhar et al. 1989; Helle et al. 2005). Plants with the C3 photosynthetic
pathway discriminate much more strongly against the atmospheric ?CO, than plants with C4
photosynthesis. This discrimination has important implications for the use of woody C4 plants
for analyzing historical >C/'*C ratios because minor *C discrimination records of C4 tree ring
carbon isotopes potentially allows dating of post-industrial (after 1850) 8> CO,4um and CO,
concentrations to before the start of Keeling’s regular measurements (1958). This would provide
a long-term record independent from measurements of air bubbles in Antarctic ice cores that
provide poor time resolution.

Due to their °C discrimination 8'°C values of most land plants are consistently lower
than those found in atmospheric CO,. Although their §'"°C values are lower, C4 plants however,
do not exhibit a strong discrimination against atmospheric *CO,. The photosynthetic pathways
of C3 and C4 plants differ in their incorporation of CO; as well as with the way in which they
convert CO; into organic matter (Edwards & Walker 1983). C4 plants assimilate CO, carbon
isotopes in proportion to their atmospheric availability. This presents an opportunity for
dendrochronologists and climatologists to turn to woody C4 plants for information regarding
8'°C and forest dynamics (Helle et al. 2005), provided annually resolved tree ring sequences can

be identified and long-lived individuals can be found.

The Interaction between Increasing Atmospheric Carbon Dioxide Concentration and Water
Use Efficiency in Tree Rings

Numerous studies have examined the relationship between carbon isotope signatures
(8"°C) and water-use efficiency during C3 plant photosynthesis (Seibt et al. 2008; Duquesnay et

al. 1998). Controlled experiments have shown that increasing atmospheric CO, concentration



serves to stimulate carbon assimilation and reduce stomatal conductance, which in turn leads to a
decrease in transpirational water-loss (Eamus 1991; Ceulemans & Mousseau 1994).
Evapotranspiration may be decreased under elevated CO, conditions because stomatal aperatures
tend to close, reduce in number, and alter in geometry (Frank et al. 2015; Gagen et al. 2010).

Water exchange in C3 plants can be investigated because 5'"°C in tree ring cellulose
records CO, gas exchange (Gagen et al. 2010; Saurer et al. 2004). The parameter generally
derived from these types of investigations is intrinsic water-use efficiency (iIWUE), which is
estimated using 8'°C and has been defined as the rate of exchange of CO, and H,O between trees
and the atmosphere (Ehleringer & Cerling 1995; Saurer et al. 2004). Increased iWUE under
elevated CO, has been reported for a number of tree species although the percentage changes in
iWUE are different between coniferus and broadleaf species and spatially variable throughout
the northern hemisphere (Frank et al. 2015; Gagen et al. 2010; Saurer et al. 2004). Because tree
rings have the ability to be analyzed as annual or intra-annual time series, using tree rings rather
than leaves allow for comparisons over time. Although there is a slight difference between leaf
and bulk wood 8"°C and cellulose 8'°C, the trends over time should not be affected (Waterhouse
et al. 2004).

In regards to C4 ‘Akoko, there are models of variable complexity (c.f. Cernusak et al.
2013 for review) that address ">C discrimination (A) during C4 photosynthesis. They all seem to
be in agreement when recognizing that variation in the isotopic composition of C4 plants is

related to stomatal conductance and the leakage of CO, and/or HCOs. (Farquhar et al. 1989).



Evaluating OAkokas a Model Species for Demonstnagi Annual C4 Plant Responses to
Increased [CQam

In this study, I cross-date ring width patterns of the ‘Akoko (Euphorbia olowaluana), a
native Hawaiian C4 tree (Pearcy & Troughton 1975), with those of Mamane (Sophora
chrysophylla) and Deodar Cedar (Cedrus odorata), both of which lay annual rings and grow on
Mauna Kea relatively near to ‘Akoko (Francisco 2012). Additionally, stable carbon isotope data
(8"°C), has been collected from ‘Akoko and Mamane growth rings. Demonstrating annual
periodicity and the isotopic compositions of growth rings in ‘Akoko under the varying conditions
found at Hawai‘i’s sub-alpine forests will allow for a better assessment of how increasing
atmospheric CO, concentrations will affect a number of factors including carbon balance,
nutrient and water cycling, and potentially fate of these native Hawaiian forests as habitats for
native and endangered wildlife (Raich & Schlesinger 1992). More specifically, demonstrating
annual periodicity and isotopic compositions in ‘Akoko allows for the determination of how
Hawaiian forests have previously responded and are presently responding to increasing
atmospheric CO; concentrations, climate and environmental change (Helle et al. 2005).
Additionally, time series data from C4 ‘Akoko will allow for comparisons to be made between
C3 and C4 responses to these conditions. The ‘Akoko at our Hawai‘i Island study sites (e.g.,
Pohakuloa Training Area) are of particular interest because woody C4 ‘Akoko is associated with
woody C3 Mamane (Sophora chrysophylla) and Naio (Myoporum sandwicense) allowing for

comparitive studies under the same conditions.



HYPOTHESES
H;: The ring structures of C4 and C3 trees are positively correlated and show similar
response variable patterns to environmental factors.

The growth ring patterns of ‘Akoko were cross-dated with those of Mamane individuals and
with the growth ring patterns of a population of nearby Deodar Cedar. High correlation values
are a strong indication of annual rings (Cook & Kairiukstis 1990; Worbes 1995). Additionally,
high correlations between the §'"°C trend in ‘Akoko growth rings and that of atmospheric carbon
dioxide provided by the Mauna Loa Atmospheric Observatory would also support annual
periodicity. Furthermore, intra-annual data displaying a seasonal fluctuation of 8"°C values
within a growth ring would provide evidence of annual periodicity if the start of each cycle

corresponds with what we have identified as ring boundaries.

H,: Carbon isotope ratios in ‘Akoko growth rings are correlated with past trends in
atmospheric CO,; from Keeling Curve (i.e., a potential for climate reconstructions exists).
Investigating the carbon isotope ratios in ‘Akoko growth rings may allow for the reconstruction
of past trends in atmospheric CO, concentrations (Leavitt & Long 1983; Helle et al. 2005).
Although carbon isotope ratios in ‘Akoko have not previously been investigated, it is reasonable
to suspect that the isotopic signatures will follow theory in that they will display an inverse
relationship with rising CO, concentrations in the atmosphere. It is hypothesized that the 3'°C
values found in ‘Akoko growth rings can be accurately calibrated with climate data resulting in
the production of an ‘Akoko 8"°C curve that can be extrapolated back in time and which can be
converted into a curve of estimated historic atmospheric CO, concentrations. If this is can be

done, we may say that ‘Akoko has climate reconstruction potential.



H;: There will be a positive relationship between ’C discrimination (intrinsic water-use
efficiency) and atmospheric carbon dioxide concentration for both ‘Akoko and Mamane.
Additionally, the slope of this relationship will be greater for Mamane than for ‘Akoko.
Studies have reported increased °C discrimination in various tree species under elevated CO,
conditions (Feng 1999; Gagen et al. 2010; Saurer et al. 2004) (or iWUE in C3 plants). Because
the rate, and sometimes the direction, of change varies among species and regions (Gagen et al.
2010; Saurer et al. 2004), it is possible that Mamane (C3) may have a higher rate of change than
‘Akoko (C4). In which case, we might determine that increased iWUE of Mamane in response
to rising atmospheric CO, concentration allows it to better compete with the ‘Akoko (C4)
photosynthetic strategy, which by definition is more efficient in water use. While °C
fractionation in C3 plants is controlled by the stomata-regulated ratio of intercellular to ambient
CO; concentrations (ci/ca; Eq 2, page 18), variation in C4 bundle-sheath leakiness can either
dampen or amplify the effects of ci/ca, so that §'°C measurements cannot be used to precisely
assess water-use efficiency in C4 plants, although they exhibit some relationship (Cernusak et al.

2013).
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FIELD / LAB METHODS

StudySite

The subalpine woodland of Mauna Kea is ecologically significant in that it encompasses
critical habitat of the endangered Hawaiian honeycreeper known as the Palila (Loxiodes bailleui)
(Scott et al. 1986). Maintaining this subalpine forest ecosystem and understanding how trees are
responding to climate change is of vital importance as it is home to the largest remaining stand of
Mamane, which is the primary food and habitat source for the Palila (Hess et al. 1999). The
Mamane and Naio co-dominated forests of Mauna Kea serve as critical habitat for other rare and
endangered native Hawaiian birds, such as the Akiapola‘au, as well (Berger 1972).

Our study site is located above the inversion layer at the burn site of a fire that occurred
in August 2009 on the southern slope of Mauna Kea, Hawai‘i. This area is approximately 24-25
kilometers from the Mauna Loa Atmospheric Observatory. ‘Akoko samples were gathered at
approximately 2,000m to 2,200m elevations (Figure 1) within a Mamane and Naio (Myoporum
sandwicense) dominated subalpine forest stand (Figure 2) (Scowcroft & Sakai 1983). The soils
here are medium textured and comprised of sandy loams derived from volcanic ash, sand and
cinder (Scowcroft & Sakai 1983). They are described as course and low in organic matter,
which results in a low water-retention capacity (Scowcroft & Conrad 1992). Deodar Cedar core
samples were gathered at the Pu’u La’au hunter cabin site located on the western slope of Mauna
Kea. ‘Akoko samples and Deodar Cedar samples were gathered at sites approximately 14.7
kilometers apart from one another.

The climate of the subalpine woodland on Mauna Kea is highly variable yet it is

generally considered to be harsh for plant growth, with drought events and frost in winter months
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commonly occurring in these regions (Woodcock 1974; Ashlock & Gange 1983; Lindsay et al.
1997). Temperatures range from nighttime lows near freezing to daytime highs above 20°C (van
Riper 1980; Scowcroft 1983). Mean annual temperatures typically range from 9°C to 13°C and
mean annual rainfall is approximately 51 1mm, with fog-drip contributing to additional
precipitation (Juvik et al. 1993). Rainfall occurs primarily during heavy winter storms (Juvik et
al. 1993). The wet season typically occurs from November to April and the dry season from

May to October (van Riper 1980; Scowcroft 1983).

Study Species
‘Akoko (Euphorbia olowaluang

‘Akoko is an endemic Hawaiian C4 tree found primarily in high elevation, dry forests on
Maui and Hawai‘i islands (Pearcy & Troughton 1975). It is in the Euphorbiaceae family and has
small flowers occurring in either axillary or terminal clusters and fruits that stand erect on a short
stalk (Lamb 1981). It is considered increasingly rare with a declining population trend
(Bruegmann & Caraway 2003). ‘Akoko has an important role in the native Hawaiian ecosystem
in that it serves as critical habitat for a rare species of Hawaiian yellow-faced bee, appropriately
named, Hylaeus ‘akoko (Magnacca 2007). At both our Pohakuloa Training Area study site and
Pu’u Wa’awa’a Wildlife Sanctuary, isolated ‘Akoko trees appear to be supporting large
populations of an assorted group of Hylaeus spp. that are rarely found in other areas (Magnacca
2007). Two species, H. dimidiatus and H. paradoxicus are only found at these locations,
suggesting that the conservation of ‘Akoko (Euphorbia olowaluana) in our Pohakuloa Training
Area study site in particular, is important to the survival of native bees, even if other populations

of the trees remain (Magnacca 2007).
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‘Akoko is a species of interest to dendrochronologists as it is a rare C4 tree. Thus, it
offers the opportunity for studies comparing C3 and C4 photosynthetic responses to climate
change over time (Pearcy & Troughton 1975; Helle et al. 2005). There are however, major gaps

in the knowledge concerning ‘Akoko growth periodicity and age structure dynamics.

Sample Collection and Processing

Live ‘Akokos were not used in this study due to their cultural and ecological significance.
Prior investigations have revealed that it can be quite difficult to distinguish ring boundaries on
live cores of native Hawaiian tropical tree species and thus live cores were not used to examine
‘Akoko growth rings. Instead, we examined the growth formations of ‘Akoko using cross-
sectional disks, which were cut approximately 10-15cm in thickness from dead, fallen
individuals. Two cross-section samples were obtained from each of 20 ‘Akoko individuals.

Each cross- section was cut with a chainsaw above any buttresses, near the base of the
main tree trunk, and in an area as symmetrical and intact as possible. Samples were leveled
using a hand planer and sanded until smooth. Sanding was done using a belt sander and by hand
using sandpaper course grit sizes 50, 80, and 120. Samples were then polished with an orbital
sander using sandpaper fine grit sizes 320, 400, 600 (Francisco 2012).

Two Deodar Cedar cores were taken from each of 10 live individuals using an increment
borer. The cores were then stored in plastic straws to prevent bending as they dry out. Next, the
cores were mounted on wood blocks using wood glue. After 2-3 days, once the glue was dry, the
cores were sanded using the same method as was used for the ‘Akokos.

Mamane samples were obtained from a prior collection gathered at the Pohakuloa

Training Area by Kainana Francisco (Francisco 2012). Three Mamane samples were chosen for
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isotope analysis. These samples were chosen because they were those most likely to overlap

with the ‘Akoko in terms of ring years.

Classical TreeRing Analysis

Each ‘Akoko ring boundary was visually identified and marked using a pencil along three
radii starting from the pith at the first distinguishable ring and moving toward the bark. The radii
were drawn through the least disturbed portions of the wood, avoiding any eccentricities. Upon
examination of ‘Akoko wood thin sections, it seemed as though light colored bands correspond
to less dense wood with thinner cell walls and larger lumen. Dark colored bands correspond to
more dense wood with thicker cell walls and smaller lumen. This signifies density changes that
may indicate a period of dormancy in growth (G. Helle, 2013, personal communication). Thus,
we define a growth increment as one light colored band followed by one dark colored band.

Consecutive ring widths, beginning at the center and moving towards the bark, were
digitally measured at a precision of 0.001mm, using a VELMEX Measuring System (Velmex,
Inc.) and MeasureJ2X computer software program (Speer 2010). The method for identifying and
measuring Cedar growth rings were the same as for the ‘Akoko with one difference; two cores
were taken from each cedar individual in order to serve as two separate radii.

The raw ring width measurements were then cross-dated using a statistical software
program called COFECHA (Grissino-Mayer 2001), which is used to numerically confirm that
crossdating is accurate. Well cross-dated ‘Akoko samples provide evidence for annual rings if
correlation values meet the statistical threshold (Pearson correlation; critical correlation: 99%
confidence level at r = 0.5155), when compared to Cedar samples (Cook & Kairiukstis 1990;

Worbes 1995).
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Stable Carbon Isotope Analysis

Growth rings were dissected from three ‘Akoko and three Mamane samples using a
scalpel. Each dissected sample was >3-4mg and approximately 3-4mm width (in tangential
direction) and ~10mm in height (vertical direction). The dissected wood was then chopped into
small pieces (<Imm thickness); this increased the contact surface for solvents in order to make
cellulose extraction more efficient (Wieloch et al. 2011). The samples were then stored in 2ml
eppendorf vials until cellulose extraction at the GFZ-German Centre for Geosciences in Potsdam,
Germany.

Cellulose Extraction Protocol (according to Boettger et al. 2007; Laumer et al. 2009; Wieloch et

al. 2011):

Day 1: ~5% NaOH solution was added to each sample for 2 hours, then drained and
added once again for another 2 hours (4 hours total) in a 60°C water bath. The samples were
then washed 3-4 times with boiling water until they became pH neutral. Next, 7.5% NaClO,
solution with a pH of 4-5 was added to each sample in a 60°C water bath. In general, the
NaClO; solution is only reactive for 10 hours. Because it takes a total of 36 hours to remove
lignin and different dyes, the solution was changed multiple times. The reaction was left to
proceed overnight and a timer was used to prevent total evaporation of the bath water. The timer
switched the heaters off after 10 hours then on again to warm the water bath in the morning.

Day 2: The old NaClO; solution was drained and a fresh 7.5% NaClO, solution was
added to each sample in a 60°C water bath. These samples were then left to sit for another 10
hours.

Day 3: The NaClO; solution was changed once again and the samples sat for 7 hours at

60°C. Afterwards, the NaClO; solution was changed for the last time, and the samples sat for an
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additional 10 hours. The water bath was re-filled as necessary and temperature was controlled
by a contact thermometer throughout the extraction procedure.

Day 4: Samples were washed 3-4 times with boiling water until the samples became pH
neutral. The crude cellulose extraction was then complete.

Once extraction was complete and samples were homogenized, 180-220ug of each
cellulose sample were packed into tin capsules (G.Helle, 2013, GFZ-Hemholtz Centre, Potsdam
Germany). This involved placing the cellulose into the capsule and folding the capsule around
the sample to create a solid packaging free of rips or tears. The packaged cellulose samples were
then loaded into a mass spectrometer (IRMS; ISOPRIME Ltd. Manchester, UK, coupled online

to a combustion furnace (Carlo Erba, Milano, IT).

13C Discrimination andIntrinsic Water-Use Efficiency

There are a series of equations commonly used to determine intrinsic water-use efficiency
(iWUE) from 8"°C of C3 plants. As already mentioned above, it cannot be estimated precisely
from 8'"°C of C4 plants, because trends are generally muted and in opposite direction to that for
C3 plants (Cernusak et al. 2013). However, the "*C isotope discrimination (A) can be obtained
from either C3 (Asz) or C4 (A4) organic material of interest and directly be compared. During
carbon fixation in C3 plants, *CO, is discriminated against '>CO, due to isotope fractionation
during specific photosynthetic processes, the most significant being during carboxylation (i.e.
enzymatic fixation of CO,) and during CO, diffusion through the stomata (Farquhar et al. 1989;
Duquesnay et al. 1998). The most frequently utilized equation for determining this
discrimination in C3 photosynthesis as proposed by Farquhar et al. 1982 is as follows:

Equation 2:
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A3 (%0) =a + (b-a) (Ci/C,) (Equation 2)

Where:

A3 (%0) = Permill discrimination of C3 plants

a = Discrimination against °C during CO, diffusion = 4.4%o (O’Leary 1981)

b = Discrimination against °C during carboxylation by RuBisCO = 27%o (Farquhar & Richards
1984)

C; = Intercellular CO; concentration

C, = Ambient CO, concentration

Once A (%o) has been calculated, iWUE can be calculated using Fick’s Law and Equation 3
(Duquesnay et al. 1998):

Fick’s Law:

A = gCO0O; (Ca-Ci)

Equation 3:

A (%0) = a + (b-a) (1- ((1.6/Ca) (A/gH,0))) (Equation 3)
Where:

A = Net CO; uptake (net photosynthesis)

gCO, = Leaf conductance to CO,

gH,O = Leaf conductance to water vapour = 1.64¢42

And:

A/gH,0 = Intrinsic WUE
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In our study, iWUE was calculated for each growth ring in Mamane (Sophora Chrysophylla)
(C3) in order to produce a curve, which was then compared with that produced by the iWUE data
of ‘Akoko (Euphorbia olowaluana) (C4).

For C4 plants a simplified equation for calculating A4 was formulated by Farquhar 1983:
Ay (%0) = (Cy-C)/Cy - a+ [(b4+ ¢p(b3-s)] - (Ci/Cy) (Equation 4)
Where:
A4 (%0) = Permill discrimination of C4 plants
C; = Intercellular CO, concentration
Ca = Ambient CO, concentration
a = Discrimination against °C during CO, diffusion = 4.4%o (O’Leary 1981)
b4 = Discrimination against °C during carboxylation by PEP carboxylase = ~ -5.7 %o at 25°C
(Farquhar 1983)
¢ = leakiness, i.e. proportion of carbon fixed by PEP leaking out of bundle sheath cells (<0.3)

b3 = Discrimination against °C during carboxylation by RuBisCO = 27%o (Farquhar & Richards
1984)

s = fractionation during diffusion of CO, out of the bundle sheath cells (1.8%o)

According to Equation 4 two factors, namely C;/C, and leakiness (¢) are governing A4 variability
and make interpretation challenging. Where only Ci/C, is relevant for discrimination in C3 plants
(As), ¢ is additionally important for A4 as it controls the extent to which RuBisCO fractionation is
expressed. In practice, different values of ¢ lead to either positive or negative correlation
between A4 and Ci/C,, depending on whether ¢ is larger or smaller than ~0.37 (c.f. Cernusak

2013 and citations therein). In the light of this, i.e. depending on ¢, the response of A4 to drought
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can either be positive, negative, or insignificant. Furthermore, ¢ differs across various subtypes
of C4 photosynthesis related to e.g. leaf morphological features, however, differences among C4
plants (1-3%o) are much smaller than for C3 plants (up to 7-8%o). Several studies do exist
reporting estimates of ¢ derived from various approaches. In summary, ¢ seems to be smaler
than 0.3 and rather constant under a wid range of conditions (different CO, concentrations,
temperatures, light intensities and moderate drought stress). Please refer to Farquhar et al.
(1989) and Cernusak et al. 2013 and citations therein for further information regarding the bases
for the discrimination of C4 plants.

Intrinsic water-use efficiencies were calculated using equations 2 and 4, Fick’s law and
equation 3 as detailed above. A standardized curve was then produced plotting intrinsic water-

use efficiency over time (Figures 10 & 11).

STATISTICAL METHODS

Determination of Periodicity

In order to determine the periodicity of ‘Akoko growth rings, I employed classical tree
ring analysis methods coupled with stable carbon isotope data. Using COFECHA and a
statistical series intercorrelation minimum of 0.5155, we analyzed raw ring width data in order to
determine if ‘Akoko ring boundaries were properly identified. This included checking for
missing or false rings and correcting any errors.

Ring width site chronologies were produced using ARSTAN, a statistical software
program that standardizes the data by removing age-dependent and non-climate trends (Cook &

Kairiukstis 1990; Schweingruber 1996). The tree-ring series were detrended using a Friedman
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variable span smoother growth curve with tweeter sensitivity set at the least sensitive level (level
9). A robust (biweight) mean using bootstrap confidence limits was employed in calculating
mean chronologies. The chronologies were then compared statistically in order to determine
whether or not significant relationships exist. Pearson’s product-moment correlation coefficient,
which tests the linear relationship between quantitative data sets, was used in evaluating the
chronologies (Grissino-Mayer 2001).

Highly correlated chronologies allow for the assumption that they are mainly influenced
by the same factor. An ‘Akoko ring width chronology that was significantly correlated with the
annual ring width chronology of Deodar Cedar would provide evidence for annual rings in

‘Akoko (Cook & Kairiukstis 1990; Worbes 1995).

Quiality of the Chronology

The statistical quality of our chronologies was evaluated using the following parameters:
EPS (Expressed Population Signal), RBAR (average of running correlations), series
intercorrelation, and mean sensitivity. Additionally, quality was assessed further by visually
observing the presence of pointer years and the synchronocity of the peaks in our tree-ring series
spaghetti plots (Figures 3 & 6). Chronology EPS is presented in Figures 4 & 7. EPS is used as a
measure of common variability within a chronology, taking sample depth into account. EPS
values greater than 0.85 (red line) are considered satisfactory — this means that the series has
strong correlation and there are enough trees for cross-dating to be accurate (Wigley et al. 1984).
RBAR is considered one of the best measures of the common growth “signal” in a series and is

presented in Figures 4 & 7. Values greater than 0.3 are considered satisfactory, and greater than
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0.4 are very good (Wigley et al. 1984). Series intercorrelation indicates how well a chronology

records a common signal. A high series intercorrelation indicates a strong common signal.

Evaluation of Climate Reconstruction Potential

Climatic factors such as temperature and rainfall affect the "°C in plants by influencing
the stomatal aperature (Farquhar 1982; Saurer et al. 1995). This subsequently influences the
isotope fractionation that occurs as CO, from the atmosphere is processed by plant matter
(Farquhar 1982). For example, water stress can induce stomatal closure and thus would increase
the 8"°C of intracellular carbon by decreasing the discriminatory potential of the Rubisco (C3) or
PEP carboxylase (C4) enzymes (Saurer et al. 1995).

Diffusion of CO, through the stomata is a significant process causing isotope
fractionation (Farquhar et al. 1989; Duquesnay et al. 1998). According to the model constraints
developed by Farquhar et al. (1982) and Farghuar 1983 shown above, the discrimination of the
C isotope in Mamane and ‘Akoko is dependent on the ratio of CO, concentration in plant cells
(ci) to the CO; concentration in the atmosphere (c,) as driven by stomatal conductance and, in
addition, a constant bundle sheath cell leakiness (¢) for ‘Akoko. The idea is that the climate
factors affecting this ratio are providing a signal in the 8'°C of tree rings (Farquhar et al. 1982;
Farghuar 1983; Saurer et al. 1995).

The potential for ‘Akoko to be used as a viable species for climate reconstructions was
determined by a multiple regression analysis correlating the ‘ Akoko 8"°C chronology and climate
data. The data include atmospheric 8"°C values and CO, concentrations from the Mauna Loa
Atmospheric Observatory (Keeling et al. 2001), and Hawai‘i climate station and rainfall data

from a rain gauge station at Pohakuloa, Hawai‘i (Giambelluca et al. 2011). Climatic signals in
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the 8'"°C chronologies are illustrated as significant spikes or drops in the curve, which correspond
to periods of extreme climate such as heavy rainfall or drought. Regression analyses
demonstrating climate data as a significant predictor of ‘Akoko 8'°C, would identify ‘Akoko as a
potential species for climate reconstruction. Additionally, high correlations between ‘Akoko

ring width chronology and climate data would act as supporting evidence.

RESULTS

Crossdatig
CEDAR:

A 98-year continuous time span chronology (Figures 3-5), dating from 1916 to 2013 (An
89-year portion from 1925 to 2013 with two or more series) was developed using 20 samples
taken from 10 Deodar Cedar individuals (n=10, ten individuals with 2 radii for all samples but
one (Cedar4), from which only one radii was taken). The chronology included 1,452 rings, had a
series intercorelation of 0.840, a mean sensitivity of 0.558 and an autocorrelation of 0.421.
‘AKOKO:

A 59-year long chronology (Figures 6-8) was established from seven of the 20 ‘Akoko
trees sampled at the Pohakuloa burn area on Mauna Kea. This chronology included 743 rings, a
series intercorelation of 0.553, mean sensitivity of 0.408 and a 0.216 autocorrelation. Because
the exact death dates of the ‘Akoko samples are unknown, I first measured the ring-widths
haphazardly using a generic start of 1000 to create a “floating chronology” with no real defined
dates (undated). Since the Cedar chronology was produced using live cores and thus the rings

were dated, we were able to use Cofecha to verify crossdating between the undated Akoko
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samples and the dated Cedar samples. This resulted in an ‘Akoko chronology dating from 1933-

1991.

Quiality of the Chronology

The series intercorrelations for the ‘Akoko and Cedar chronologies are above the
significance threshold of 0.5155 (Table 1). Akoko series intercorrelation = 0.553; Cedar series
intercorrelation = 0.840. EPS values are greater than the satisfactory threshold of 0.85 (Figures 4
& 7) — this means that the series has strong correlation and there are enough trees for cross-
dating to be accurate. RBAR values are greater than the satisfactory threshold of 0.3 (Figures 4

& 7).

Dating @koko TreeRings& Support for Annual Periodicity

‘Akoko tree rings were dated through crossdating with live Cedar cores. Correlation
values met the statistical threshold when compared to Cedar samples (Table 2). This serves as
evidence for ‘Akoko laying annual rings (Cook & Kairiukstis 1990; Worbes 1995) and supports
hypothesis 1. Additionally, synchronicity of the peaks can be seen in Figures 3 & 6. The most
notable peaks are those occurring in 1981 and 1983. These peaks are obvious and present in

both the Cedar and ‘Akoko spaghetti plots (Figures 3 & 6).

Isotope Analysis and Evaluation of Climate Reconstruction Potential
A number of analyses were conducted in determining the potential of ‘Akoko in
reconstructing historical climates and atmospheric CO,. Regression analyses were run in order

to identify relationships between the following factors:
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* ‘Akoko Ring Widths vs. Average and Sum Rainfall (1938-1978; Pohakuloa Training
Area Hawai‘i)

‘Akoko Ring Widths vs. Atmospheric 8'°C (1960-1987; McCarrol and Loader 2004)

» §"C from ‘Akoko Tree Rings vs. Average and Sum Rainfall (1938-1978; Pchakuloa
Training Area Hawai ‘i)

+ §"C from ‘Akoko Tree Rings vs. Atmospheric 8°C (1960-1987; McCarrol and Loader

2004)

Of these analyses, the only significant relationship identified was between 8"°C from ‘Akoko tree
rings and atmospheric 8"°C (Figure 9). The p-value of this analysis was 5.517e-08, with an

adjusted R-squared of 0.673. Because these two factors are highly correlated (r=0.83), ‘Akoko is
determined to be a viable species for atmospheric CO, reconstructions. This supports hypothesis
2. 8"C values found within the growth increment wood of three ‘Akoko individuals using stable

isotope analysis were averaged for each year.

Comparing Intrinsic Wateruse Efficiencies betweetAkoko and M#mane

For both ‘Akoko and Mamane, intrinsic water-use efficiency (iWUE) increased over time
and thus, increased as atmospheric CO, concentrations increased (Figures 10 & 11). This
finding supports hypothesis 3. Additionally, it supports other studies that have also reported
increased iWUE in various tree species under elevated CO; conditions (Feng 1999; Gagen et al.
2010; Saurer et al. 2004). The relationships between increased iWUE and year were positive and

significant for both ‘Akoko (P = 7.833e-08; df = 26; F = 54.4) and Mamane (P = 4.552e-10; df
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= 23; F=105.6). The slopes of these relationships were 1.48 and 1.08 for ‘Akoko and Mamane

respectively, indicating that the rate of change of ‘Akoko iWUE is higher than that of Mamane.

DISCUSSION

Annual Rings in C4"Akoko and Implications for Research

C4 photosynthesis evolved from the C3 photosynthetic pathway through selective
pressure of declining atmospheric CO; concentrations some million years ago. With respect to
the rapidly increasing CO; and temperature in the past 150 years, the future of C4 plants has
become questionable (Anand et al. 2014). Major crops like maize, millet or sugar cane are
annual C4-plants. The fact that these crops do not lay annual rings makes it difficult to gain
valuable information about past developments for assessing their future response to climate
change. The wood of long-living C4-trees contains highly valuable long-term data about the
general adaptation potential of C4-plants to climate change and CO, rise. The challenge is to
extract this information and assign it with exact calender dates.

Multiple lines of evidence support annual periodicity in ‘Akoko, including significant
interseries correlations and EPS values in ring width patterns among ‘Akoko individuals and
with live Deodar Cedar cores. This indicates that ‘Akoko and Deodar Cedar parallel each other
in response to environmental factors and supports the validity of using ‘Akoko as a window into
climate and past carbon dioxide concentrations (hypothesis 1).

When the dated ‘Akoko ring-width series was compared to the PGhakuloa Mamane
(Sophora chrysophylla) ring-width series provided by Kainana Francisco (Francisco 2012)

however, the interseries correlation value (series intercorrelation = 0.417; mean sensitivity =
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0.481) did not quite meet the threshold (0.5155). However, considering that Mamane is a C3
species and ‘Akoko is a C4, along with taking the highly variable soil and site conditions at
Pohakuloa Training Area into account, it may be reasonable to lower the generally accepted
threshold to 0.4, when conducting dendrochronological analysis between these specific species
within such an environment (Bartens et al. 2012).

The data collected in this study show that tree-ring analysis of tree rings from dead
‘Akoko cross sections is possible and can result in high interseries correlation. Additionally, this
study found significant correlation between annual ‘Akoko 8'"°C and atmospheric 8"°C isotope
values.

This is the first dendrochronological evidence for annual growth rings in a C4 plant in
general and in ‘Akoko in particular. Although this finding should be confirmed by independent
methods (e.g., '*C wiggle matching, microscopic wood anatomy or high resolution stable isotope
analyses (Pons and Helle 2011)) and at other sites or species, it has important implications for
future climate change research in Hawai‘i. This study demonstrated that ‘ Akoko may offer
valuable time series data on the responses of C4 plants to any number of ecological and climate
factors. Never before has time series data, with an annual resolution, been extracted from a C4
plant (Helle et al. 2005). Using tree rings, rather than leaves, in C4 plants allow for comparisons

(e.g. between C3 and C4 responses) over longer time scales. Further research may include

identifying annual rings in C4 tree species around the world in order to conduct comparative
studies between C3 and C4 trends in other regions. With more forthcoming studies, important
conclusions on the long-term response to climate change and adaptation potential of important

annual C4 species such as maize, sugar cane or millet, might be drawn.
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Potential for Climate Reconstructions

The significant relationship between annual ‘Akoko 813C and atmospheric 613C values
(Figure 7) indicates that the wood of C4 Akoko contains a valuable archive of time series data
relating to historical atmospheric CO, concentrations (Buchmann et al. 1996; Feng & Epstein
1995). This supports hypothesis 2. The usefulness of using a C4 tree for atmospheric CO,
reconstruction relies on the assumption that C4 discrimination against >C during photosynthesis
remains constant under differing environmental conditions. However, studies have shown that
this discrimination may vary in C4 plants under varying light and water supplies (Buchmann et
al. 1996). Because of this potential variation, it is important to investigate how environmental
factors affect ‘Akoko tree ring growth.

The Mauna Loa Atmospheric Observatory provides atmospheric CO, data beginning in
1958. Because some of our ‘Akoko tree individuals date back to before 1958, we can potentially
use the isotope data stored within early tree rings to compare with, and supplement the well-
known Keeling curve in order to extend the curve back in time. Before this can happen however,
a larger sample size of pre- 1958 tree rings must be obtained.

The isotope data gathered in this study are limited in that the laboratory capacity at GFZ
in Potsdam only allowed for three ‘Akoko individuals to be sampled. The individuals were
sampled before the exact dates of the rings were known and thus, the dates for the 813C values,
were known. Once dates were finalized, I found that the ‘Akoko 013C isotope data span from
1948-1987. Future research will include identifying and dating much older ‘Akoko, or other
woody C4 individuals, in order to use high-resolution isotope data within each ring to develop a

trend for atmospheric 8'3C values dating even further back in time. Furthermore, it will be
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beneficial to increase the sample size in order to provide a more robust correlation analysis of

013C tree vs. 013C atmosphere.

Comparing C3 M#mane and C4 "Akoko Intrinsic Watélse Efficiencies Over Time

The rate of increase in ‘Akoko iWUE was higher than that of Mamane and thus, ‘Akoko
(C4) maintains its advantage for survival in drought and high temperature conditions. This is
possibly due to the fact that ‘Akoko already possessed the C4 advantage for higher water-use
efficiency, whereas Mamane (C3) did not. This advantage was thus magnified when adding the
factor of increased atmospheric carbon fertilization.

With regards to Hypothesis 3, our findings suggest that, like various other tree species,
both Mamane and ‘Akoko have increased iWUE under elevated CO, conditions (Figures 10 &
11) (Eamus 1991; Ceulemans & Mousseau 1994). This is, in theory, due to increased
atmospheric CO, concentration stimulating carbon assimilation and reducing stomatal
conductance. This in turn, leads to a decrease in transpirational water-loss (Eamus 1991;
Ceulemans & Mousseau 1994).

In addition to a positive relationship between iWUE and atmospheric CO», it was also
hypothesized that the slope of this relationship would be greater for Mamane than for ‘Akoko.
This would mean that the iWUE of Mamane, in response to rising atmospheric CO; levels,
allowed it to better compete with the ‘Akoko (C4) photosynthetic strategy. This was however,
not demonstrated. Interestingly, ‘Akoko iWUE seems to have an exponential relationship with
rising atmospheric CO; levels (Figure 10). It is not clear why the relationship seems to be non-
linear and a significant increase in iWUE can only be observed post 1975. Inspection of the

atmospheric 8'"°C curve over time (Figure 12), reveals no conspicuous trends occurring after
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1975 (when ‘Akoko ( iWUE starts to rise). Further investigation is necessary to determine the
cause of this phenomenon. Due to the fact that this is the first demonstration of high-resolution
annual time series data of C4 iWUE, there are no publications to reference in regards to similar
findings of a non-linear trend. One possibility is that the sharp increase occurring in 1975 is due
to changes occurring in specific site and/or individual plant conditions. A larger sample size of
‘Akoko individuals, as well as a more rigorous investigation into the history of this site is

required.

Conclusion

‘Akoko presents a unique and valuable opportunity to extract long-term, annual
resolution, time series data on the response of C4 plants to increasing atmospheric carbon
dioxide concentrations. This is very important in light of the uncertainty of the future of

important C4 crops like maize and millet under these elevated CO, conditions.
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Table 1. General summary statistics from Cofecha of Cedar (Cedrus deodara) and ‘ Akoko
(Euphorpia olowaluana) tree-ring chronologies from Mauna Kea, Hawai‘i.

Parameter Cedar ‘Akoko
Time span 1925-2013 1933-1991
Number of cores or radii (individuals) 20 (10) 19 (7)
Number of rings in series 1,452 743
Average number of years in a series 76.42 39.11
Series intercorrelation 0.840 0.553
Standard deviation 1.866 0.888
Auto-correlation 0.421 0.216
Average mean sensitivity 0.558 0.408

Table 2. General summary statistics from Cofecha of ‘Akoko (Euphorpia olowaluana) tree-ring
chronology crossdated with Cedar (Cedrus deodara) tree-ring chronology. Both
chronologies are from Mauna Kea, Hawai‘i.

Parameter Dated Cedar Crossdated with ‘Akoko
Series intercorrelation 0.639
Average mean sensitiviy 0.507
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Figure 1. Location and elevations of ‘Akoko and Naio samples at the Pohakuloa training area on
Mauna Kea Hawai‘i. Samples were gathered at approximately 2,000m to 2,200m
elevations
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Figure 2. Distribution of Mamane/Naio Forest encompassing ‘Akoko samples located on the
southern slope of Mauna Kea, Hawai‘i.
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Figure 3. Raw tree-ring series (black) and the mean of all series (red) from 10 Cedar (Cedrus
deodara) individuals. Samples are from the Pu’u La’au hunter cabin, Hawai‘i.
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Figure 4. (Top) Detrended RBar, using a 20-year window and a 19-year overlap, (Bottom)
Expressed Population Signal (EPS) values of an 89-year long chronology (1925-2013)
of Cedar (Cedrus odorata) from Pu’u La’au hunter cabin, Hawai‘i. This chronology is
based on 19 live cedar cores (n=10, ten individuals with 2 radii for all individuals but
one (Cedar4), from which only one radii was taken). RBAR is the running mean
correlation among trees in a series. It is considered one of the best measures of the
common growth “signal” in a series. Values greater than 0.3 are considered
satisfactory, and greater than 0.4 are very good. EPS (expressed population signal) is
used as a measure of common variability within a chronology, taking sample depth
into account. EPS values greater than 0.85 (red line) are considered satisfactory — this
means that the series has strong correlation and there are enough trees for cross-dating
to be accurate.
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Figure 5. (Top) Raw tree-ring series mean (black) and detrended curve (red) of an 89-year long
chronology (1925-2013) of Cedar (Cedrus deodara) from Pu’u La’au hunter cabin.
This chronology is based on 19 live cedar cores (n=10, ten individuals with 2 radii for
all samples but one (Cedar4), from which only one radii was taken). (Bottom)
Number of samples used to produce the chronology.
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Figure 6. Raw tree-ring series (black, n = 19) and the mean of all series (red) from seven cross-
sections of ‘Akoko (Euphorbia olowaluana) from Pohakuloa, Hawai‘i. (1933-1991).

34



Akoko+1933.1991.txt detrend running rbar, 20 19

—
1940 1950 1960 1970 1980 1990

Akoko1933.1991.1xt detrend running eps

1.0 Gl o JEES

Figure 7. (Top) Detrended RBar, using a 20-year window and a 19-year overlap, (Bottom)
Expressed Population Signal (EPS) values of a 59-year long chronology of ‘Akoko
(Euphorbia olowaluana) from Pohakuloa Training Area, Hawai‘i. This chronology is
based on seven ‘Akoko cross sections (n=19). RBAR is the running mean correlation
among trees in a series. It is considered one of the best measures of the common
growth “signal” in a series. Values greater than 0.3 are considered satisfactory, and
greater than 0.4 are very good. EPS (expressed population signal) is used as a measure
of common variability within a chronology, taking sample depth into account. EPS
values greater than 0.85 (red line) are considered satisfactory — this means that the
series has strong correlation and there are enough trees for cross-dating to be accurate.
(1933-1991).
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Figure 8. (Top) Raw tree-ring series mean (black) and detrended curve (red) of a 59-year long

chronology (1933-1991) of ‘Akoko (Euphorbia olowaluana) from Pohakuloa Training
Area, Hawai‘i. This chronology is based on seven ‘Akoko cross sections (n=19).
(Bottom) Number of samples used to produce the chronology.
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Figure 9.

Akoko 813C vs. Atmospheric 513C
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Generalized multiple regression of ‘Akoko 8'°C averages vs. atmospheric 8'°C
values. This serves as supporting evidence for annual rings in ‘Akoko and also that
‘Akoko may be a viable species for atmospheric CO, reconstructions. This Figure
depicts the relationship between these parameters. There is a significant relationship
(p=5.52¢-08, Adjusted R* = 0.673).
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Figure 10. ‘Akoko intrinsic water-use efficiency vs. year.
Atmospheric 8"°C was only available from 1960 to present. Thus, intrinsic WUE
could only be calculated from 1960 onward. Note: relationship seems to be non-
linear and a significant increase in iWUE could only be observed post 1975.
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Figure 11. Mamane intrinsic water-use efficiency vs. year. (y = 1.08x —2027.56)
Adjusted R? = 0.8134, p-value = 4.552¢-10
Mamane isototpe data was only available from 1963 to present. Thus, intrinsic
WUE could only be calculated from 1963 onward. Note: distinct linearly increasing
trend throughout the observation period.
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Figure 12. Time-series data of atmospheric 8"°C values (McCarrol & Loader 2004), spanning
from 1960 to 1987 for comparison with Figure 9.

40



LITERATURE CITED

Abrams, M.D., D.A. Orwig, and T.E. DeMeo. 1995. Dendroecological analysis of successional
dynamics for a presettlement-origin white pine — mixed oak forest in the southern Appalachians,
USA. Journal of Ecology 83: 123-133.

Anand, A., S. Khetarpal, and M. Singh. 2014. Physiological response of Maize under rising
atmospheric CO2 and temperature. Maize: Nutrition Dynamics and Novel Uses. Springer,
India: 105-115.

Ashlock, P.D. and W.C. Gange. 1983. A remarkable new micropterous Nysius species from the
Acolian zone of Mauna Kea, Hawai'i Island (Hemiptera: Heteroptera: Lygaeidae).
International Journal of Entomology 25: 47-55.

Baillie, M.G.L. and J.R. Pilcherl973. A simple crossdating program for {ring) research.
TreeRing Bulletin33: 7-14.

Bartens, J., H.D. Grissiallayer, S.D. Day, and P.E. Wiseman. 2012. Evaluating the potential
for dendrochronological analysis of live oak (Quercus virginiana Mill.) from the urban and rural
environment- An explorative study. Dendrochonolod& 15-21.

Berger, A.J. 1972. Hawaiian Birds. The Wilson Bulletif4: 212-222.

Bornhorst, H.L. and F.D. Rauch. 2003. Natiwevaiian plants for landscaping, conservation,
and reforestation. CTAHR QBO: 12-14.

Boettger, T.M. Haupt K. KnSller, S.M. Weise J.S.Waterhouse, K.T. Rinng N.J. Loader E.
SonninenH. Jungner, V. MassonDelmotte, M. Stievenard, M.-T. Guillemin, M. Pierre, A.
Pazdur, M. Leuenberger, M. Filot, M. Saurer, C.E. Reynolds, G. Helle, G. H.

Schleser. 2007. Wood cellulose preparation methods and mass spectrometric analyses of delta
C-13, delta O-18, and nonexchangeable delta H-2 values in cellulose, sugar, and starch: An
interlaboratory comparison. Analytical Chemistry79: 4603-4612.

Brienen, R.J.W. and P.A. Zuidema. 2005. Lifetime growth patterns and ages of Bolivian rain
forest trees obtained by tree ring analysis. Journal of Ecology 94: 481-493.

Brienen, R.J.W., G. Helle, T.L. Pons, J.L. Guyot, and M. Gloor. 2012. Oxygen isotopes in tree
rings are a good proxy for Amazon precipitation and El Nino-southern oscillation variability.
PNAS 109: 16957-16962.

Briffa, K.R., T.J. Osborn, and F.H. Schweingruber. 2004. Large-scale temperature inferences
from tree rings: a review. Global and Planetary Change 40: 11-26.

Bruening, E.F. 1996. Conservation and Management of tropical rain forests. CAB
International, Wallingford, UK.

41



Bruegmann, M.M. and V. Caraway. 2003. Chamaesyce olowaluana. In: TUCN 2013. [UCN
Red List of Threatened Species. Version 2013.1. <www.iucnredlist.org>. Downloaded on 09
August 2013.

Brugnoli, E., K.T. Hubick, S.V. Caemmerer, S.C. Wong, and G.D. Farquhar. 1988. Correlation
between the carbon isotope discrimination in leaf starch and sugars of C3 plants and the ratio of

intercellular and atmospheric partial pressures of carbon dioxide. Plant Physiology 88: 1418-
1424.

Buchmann, N., J.R. Brooks, K.D. Rapp & J.R. Ehleringer. 1996. Carbon isotope composition of
C4 grasses is influenced by light and water supply. Plant, Cell and Environment 19: 392-402.

Cernusak, L.A., N. Ubierna, K. Winter, J.A.M. Holtum, J.D. Marshall, and G.D. Farquhar. 2013.
Environmental and physiological determinants of carbon isotope discrimination in terrestrial
plants. The New Phytologist 200: 950-965.

Ceulemans, R. and M. Mousseau. 1994. Effects of elevated atmospheric CO, on woody plants.
New Phytologist 127: 425-446.

Cook, E.R. and L.A. Kairiukstis. 1990. Methods of dendrochronology: applications in the
environmental sciences. Kluwer Academic Publishers, London.

Craig, H. 1957. Isotopic standards for carbon and oxygen and correction factors for mass
spectrometric analysis of carbon dioxide. Geochimica and Cosmochimica Acta 12: 133-149.

DeWalt, S.J., S.K. Maliakal, and J.S. Denslow. 2003. Changes in vegetation structure and
composition along a tropical forest chronosequence: implications for wildlife. Forest Ecology
and Management 182: 139-151.

Dugquesnay, A, N. Breda, M. Stievenard, and J.L. Dupouey. 1998. Changes of tree-ring 8'°C and
water-use efficiency of beech (Fagus sylvatica L.) in north-eastern France during the past
century. Plant, Cell and Environment 21: 565-572.

Eamus, D. 1991. The interaction of rising CO, and temperatures with water use efficiency.
Plant, Cell & Environment 14: 843-852.

Edwards, G. and D.A. Walker. 1983. C3,C4: Mechanisms, and cellular and environmental
regulation, of photosynthesis. Blackwell Scientific Publication, Oxford, UK.

Ehleringer, J.R. and T.E. Cerling. 1995. Atmospheric CO; and the ratio of intercellular to
ambient CO, concentrations in plants. Tree Physiology 15: 105-111.

Farquhar, G.D., M.H. O’Leary, and J.A. Berry. 1982. On the relationship between carbon

isotope discrimination and intercellular carbon dioxide concentration in leaves. Australian
Journal of Plant Physiology 9: 121-37.

42



Farquhar, G.D. 1983. On the nature of carbon isotope discrimination in C4 species. Australian
Journal of Plant Physiology 10: 205-26.

Farquhar, G.D and R.A. Richards. 1984. Isotopic composition of plant carbon correlates with
water-use efficiency of wheat genotypes. Australian Journal of Plant Physiology 11: 539-552.

Farquhar, G.D., J.R. Ehleringer, and K.T. Hubick. Carbon isotope discrimination and
photosynthesis. 1989. Annual Review of Plant Physiology and Plant Molecular Biology 40:
503-37.

Feng, X. and S. Epstein. 1995. Carbon isotopes of trees from arid environments and

implications for reconstructing atmospheric CO; concentration. Geochimica et Cosmochimica
Acta59: 25992608.

Feng, X. 1999. Trends in intrinsic watgse efficiency of natural trees for the ph80-200
years: A response to atmospheric,@oncentration. Geochimica et Cosmochimica A&a
1891-1903.

Fichtler, E. and D.A. Clark. 2003. Age and letegm growth of trees in an olgrowth tropical
rain forest, based on analysis of tree rings and 14C. Biotr8picd06-317.

Francisco, K. 2012. Investigating the growth dynamidel@xhane (Sophora chysophylla)on
Mauna Kea, Hawai‘i using radiocarbon dating and classical dendrochronology methods.
University of Hawai‘i at Hilo Master's Thesis, Hilo, HI.

Frank, D., O. Bouriaud, R. Wilson, G. Battipaglia, U. Buntgen, P. Fonti, K. Treydte, V. Trouet,
and J. Esper. 2008. A challenge for spatially explicit reconstructions: the climate response of
trees is a function of climate. TRACE 6: 31-36.

Frank, D.C., B. PoulterM. SaureyJ. Esper C. Huntingford G. Helle, K. Treydte, N.E.
ZimmermannG. SchleserA. AhlstrSm, P. Ciais P. Friedlingstein S. Levis, M. Lomas S. Sitch,
N. Viovy, L. AndreuHayles, Z. Bednarz, F. Berninger, T. Boettger, C.M. D*Alessandro, V.
Daux, M. Filot, M. Grabner, E. Gutierrez, M. Haupt, E. Hilasvuori, H. Jungner, M. Kalela-
Brundin, M. Krapiec, M. Leuenberger, N.J. Loader, H. Marah, V. Masson-Delmotte, A. Pazdur,
S. Pawelczyk, M. Pierre, O. Planells, R. Pukiene, C.E. Reynolds-Henne, K.T. Rinne, A.
Saracino, E. Sonninen, M. Stievenard, V.R. Switsur, M. SzczepangkE. Szychowska-Krapieg L.
Todarq J. Waterhousgand M. Weigl. 2015 .Wateruse efficiency and transpiration across
European forests during the Anthropocengature Climate Chandge 579583.

Freyer,H.D., Belacy N. 1983C/*?C records in northern hemisphere trees during the past 500
years, anthropogenic impaantd climatic superpositionslournal ofGeophygal Resarch88:
6844-6852

Fritts, H.C. 1976. Tree rings and climate. AcadePnéss, New York.

43



Fritts, H.C. 1991. Reconstructing largeale climatic patterns from tremg data: a diagnostic
analysis. University of Arizona Press, TucsAd.

Gagen, M., W. Finsinger, F. Wagner-Cremer, D. McCarroll, N. J. Loader, 1. Robertson, R.
Jalkanen, G. Young, and A. Kirchhefer. 2010. Evidence of changing intrinsic water use
efficiency under rising atmospheric CO; concentrations in boreal Fennoscandia from subfossil
leaves and tree ring 8'"°C ratios. Global Change Biology: 1-22.

Giambelluca, T.W., Q. Chen, A.G. Frazier, J.P. Price, Y-L. Chen, P-S. Chu, J. Eischeid, and D.
Delparte. 2011. The Rainfall Atlas of Hawai‘i. http://rainfall.geography.Hawai‘i.edu.

Grissino-Mayer, H.D. 2001. Evaluating crossdating accuracy: a manual and tutorial for the
computer program Cofecha. Tree-Ring Research 57: 205-221.

Groenendijk, P., U. Sass-Klaassen, F. Bongers, P.A. Zuidema. 2014: Potential of tree-ring
analysis in a wet tropical forest: a case study on 22 commercial tree species in Central Africa.
Forest Ecology Managment. 323: 65-78.

Helle, G., G.H. Schleser, K.U. Hemer, W.A. Brand, and D. Jakel. 2005. Woodyldnts as
terrestrial archives df**C of atmospheric C9 Poster at: Forschungszentrunglith.

Hess, S.C., P.C. Banko, G.J. Brenner and J.D. Jacobi. 1999. Factors related to the recovery of
subalpine woodland on Mauna Keé#awai'i. Biotropica3l: 212-219.

Holmes, R.L. 1983. Computassisted quality control in tregang dating and measurement.
TreeRing Bulletin43: 69-74.

Jin, F.F., S.I. An, A. Timmermann, and J. Zhao. 2003. Strong-6l &ients and nonlinear
dynamical heating. Geophysical Research Leg@rs20-1-20-4.

Juvik, J.O., D. Nullet, P. Banko, and K. Hughes. 1993. Forest climatology near the tree line in
Hawai’i. Agriculture and Forest Meteorology 66: 159-172.

Keeling, C.D. 1960. The concentration and isotopic abundances of carbon dioxide in the
atmosphere. Telluk2: 1-5.

Keeling, C.D, S. C. Piper, R. B. Bacastow, M. Wahlen, T. P. Whorf, M. Heimann, and H. A.
Meijer. 2001. Exchanges of atmospheric CO, and *CO, with the terrestrial biosphere and
oceans from 1978 to 2000. 1. Global aspects, SIO Reference Series, No. 01-06, Scripps
Institution of Oceanography, San Diego, 88 pages.

Lamb, S.H. 1981. Native trees & shrubs offaavaian islands.Sunstone PressSanta Fe,
New Mexica

Lang, G.E. and D.H. Knight. 1983. Tree growth, mortality, recruitment, and canopy gap
formation during a 1ear period in a tropical moist forest. Ecoldgy 10751080.

44



Laumer, W., L. Andrey G. Helle, G.H. SchleserT. Wieloch H. Wissd. 2009 A novel approach
for the homogenization of cellulose to use miarounts for stable isotope analys&apid
Communications in Mass Spectrome23. 19341940.

Leavitt, S.W. and A. Long. 1983. An atmospheric 13C/12C reconstruction generated through
removal of climate effects from tregng 13C/12C measurements. TelBs 92-102.

Leavitt, S.W. and A. Longl986.Trends of**C/*?C ratios in pinyon tree rings of the American
Southwest and the global carbon cycle. Radiocarbon 28: 376-382

Leavitt, S.W. and A. Lara. 1994. South American tree rings show declining 8'"°C trend. Tellus
46B: 152-157

LiJ., X. Gou, E.R. Cook, and F. Chen. 2006. Tree-ring based drought reconstruction for the
central Tien Shan area in northwest China. Geophysical Research Letters 33: 58-89.

Lindsey, G.D., T.K. Pratt, M.H. Reynolds and J.D. Jacobi. 1997. Response of six species of
Hawaiian forest birds to a 1991-1992 El Nino drought. The Wilson Bulletin 109: 339-343.

Magnacca, K.N. 2007. Conservation status of the endemic bees of Hawai‘i, Hylaeus
(Nesoprosopis) (Hymenoptera: Colletidae). Pacific Science 61: 173-190.

McCarroll, D and N.J. Loader. 2004. Stable isotopes in tree rings. Quaternary Science Review
23: 771-801.

O’Leary, M. 1981. Carbon isotope fractionation in plants. Phytochemistry 20: 553-567.

Pao-Shin Chu. 1995. Hawai‘i rainfall anomalies and El Nifio. American Meteorological
Society 8: 1697-1703.

Pearcy, R.W. and J. Troughton. 1975. C4 photosynthesis in tree form Euphorbia species from
Hawaiian rainforest sites. Plant Physiology 55: 1054-1056.

Raich, J.W. and W.H. Schlesinger. 1992. The global carbon dioxide flux in soil respiration and
its relationship to vegetation and climate. Tellus 44B: 81-99.

Rentch, J.S. M.A. Fajvan, and R.R. Hicks. 2003. Oak establishment and canopy accession
strategies in five old-growth stands in the central hardwood forest region. Forest Ecology and
Management 184: 285-297.

Saurer, M., U. Siegenthaler, and F. Schweingruber. 1995. The climate-carbon isotope
relationship in tree-rings and the significance of site conditions. Tellus 47: 320-330.

Saurer M., RTW, Siegwolf, and F.H. Schweingruber. 2004. Carbon isotope discrimination

indicates improving water-use efficiency of trees in northern Eurasia over the last 100 years.
Global Change Biology 10: 2109-2120.

45



Schweingruber, F.H. 1996. Tree rings and environment. Dendroecology. Haupt, Berne.

Scott, J.M., S. Mountainspring, F.L. Ramsey, and C.B. Kepler. 1986. Forest bird communities
of the Hawaiian Islands: their dynamics, ecology and conservation. Studies in Avian Biology 9:
1-431.

Scowcroft, P.G. 1983. Tree cover changes in Mamane (Sophora chrysophylla) forests grazed by
sheep and cattle. Pacific Science 37: 109-119.

Scowcroft, P.G., and C.E. Conrad. 1992. Alien and native plant response to release from feral
sheep browsing on Maunakea. In: Stone, C.P., C.W. Smith, and J.T. Tunison. Alien plant
invasions in native ecosystems in Hawai‘i. Management and Research Cooperative National
Park Resource Studies Unit, University of Hawai‘i, Honolulu, HI, pp: 625-665.

Scowcroft, P.G. and H.F. Sakai. 1983. Impact of feral herbivores on Mamane forests of Mauna
Kea, Hawai‘i: bark stripping and diameter class structure. Journal of Range Management 36:
495-498.

Seibt, U, A. Rajabi, H. Griffiths, and J.A. Berry. 2008. Carbon isotopes and water use
efficiency: sense and sensitivity. Oecologia 155: 441-454.

Speer, J.H. 2010. Fundamentals of tree-ring research. The University of Arizona Press, Tucson.

Stahle, D.W. 1999. Useful strategies for the development of tropical tree-ring chronologies.
IAWA Journal 20: 249-253.

Stokes, M.A. and T.L. Smiley. 1996. An introduction to tree ring dating. The University of
Arizona Press. pp 13-19.

Swetnam, T.W., and C.H. Baisan. 2003. Tree-ring reconstructions of fire and climate history in
Sierra Nevada and southwestern United States.

Tyrrell, L.E. and T.R. Crow. 1994. Structural characteristics ogadehth hemlock-hardwood
forests in relation to age. Ecology 75: 370-386.

Van Riper, C. III. 1980. The phenology of the dryland forest of Maunakea, Hawai‘i, and the
impact of recent environmental perturbations. Biotropica 12: 282-291.

Waskiewicz, J.D., P.Z. Fule, and P. Beier. 2007. Comparing classification systems for ponderosa
pine snags in Northern Arizona. Western Journal of Applied Forestry 22: 233-240.

Waterhouse, J.S., V.R. Switsur, A.C. Barker, A.H.C. Carter, D.L.. Hemming, N.J. Loader, and L.
Robertson. 2004. Northern European trees show a progressively diminishing response to
increasing atmospheric carbon dioxide concentrations. Quaternary Science Reviews 23: 803-
810.

46



Wieloch, T., G. Helle, 1. Heinrich, M. Voigt, and P. Schyma. 2011. A novel device for batch
wise isolation of cellulose from small amount wholewood samples. Dendrochronologia 29: 115-
117.

Wigley, T.M.L., K.R. Briffa, and P.D. Jones. 1984. On the average value of correlated time
series, with applications in dendroclimatology and hydrometeorology. Journal of Climate and
Applied Meteorology 23: 201-213.

Woodcock, A.-H. 1974. Permafrost and climatology of a Hawai‘i volcano crater. Arctic and
Alpine Research 6: 49-62.

Worbes, M. 1989. Growth rings, increment and age of trees in inundation forests, savannas and
a mountain forest in the Neotropics. IAWA Bulletin 10: 109-122.

Worbes, M. 1995. How to measure growth dynamics in tropical trees a review. AWA Journal
16: 337-351.

Worbes, M. 1999. Annual growth rings, rainfall dependent growth and long-term growth
patterns of tropical trees from the Forest Reserve Caparo in Venezuela. Journal of Ecology 87:
391-403.

Worbes, M., R. Staschel, A. Roloff, and W.J. Junk. 2003. Tree ring analysagsragestructure
dynamics, and wood production of a natural forest stand in Cameroon. Forest Ecology and
Managemenl173 105123.

Zuidema, P.A., Brienen, R.J., Schongart, J., 2012. Tropical forest warming: looking backwards
for more insights. Trends Ecology Evolution 27: 193-194.

47



