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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, Māmane (Sophora 

chrysophylla, C3) and ʻAkoko (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 Hawaiʻi, USA.  A relatively strong correlation in ring patterns was found 

within the ʻAkoko and the Māmane 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 ʻAkoko 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 Hawaiʻi.  Unlike plants with a C3-

photosynthetic pathway, C4 plants do not show strong bias against 13C during the photosynthetic 

fixation of CO2. Thus, ʻAkoko may provide a record of past atmospheric CO2 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 ʻAkoko δ13C averages and atmospheric δ13C 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 CO2 concentrations and climate change.  

Trends in δ13C (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 CO2atm.  ‘Akoko and 

Māmane 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 Māmane 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 
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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.  
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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 Hawaiʻi Island’s Mauna Kea 

and Mauna Loa volcanoes, are good potential areas for tree-ring studies in Hawaiʻi because they 
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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 Niño 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 CO2 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). 
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C4 Woody Plants as a Potential Proxy Record for Atmospheric ! 13CO2 

Keeling (1960), described a trend involving the concentration and isotopic abundance of 

atmospheric carbon dioxide (CO2atm) in the northern hemisphere.  Since 1958, the Mauna Loa 

Atmospheric Observatory on Hawaiʻi Island has been measuring and documenting changes in 

atmospheric CO2 concentration ([CO2]atm) over time.  These data have contributed to the 

“Keeling curve,” which is a graphical representation of the increase in [CO2]atm over time.  

Keeling found that [CO2]atm 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 [CO2]atm over time, driven by anthropogenic activities such as land clearing and fossil fuel 

combustion. 

Carbon isotope analyses of atmospheric CO2 have indicated an inverse relationship 

between [CO2]atm and δ13C, which is calculated using the ratio of carbon-13 (13C) isotope to 

carbon-12 (12C) isotope and a standard (Craig 1957). Equation 1 details the calculation of δ13C. 

Equation 1: 

Equation for calculating δ13C from isotopic ratio and standard where PDB is PeeDee Belemnite 

carbonate standard (Craig 1957). 

             (Equation 1) 

 

As [CO2]atm increases due to fossil fuel burning and land-use change, 13C/12C ratios 

(δ13C) 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 13C than 

atmospheric CO2 due to plants’ strong discrimination against 13C during photosynthetic uptake 
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(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 13CO2 than plants with C4 

photosynthesis.  This discrimination has important implications for the use of woody C4 plants 

for analyzing historical 13C/12C ratios because minor 13C discrimination records of C4 tree ring 

carbon isotopes potentially allows dating of post-industrial (after 1850) δ13CO2atm and CO2 

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 13C discrimination δ13C values of most land plants are consistently lower 

than those found in atmospheric CO2.  Although their δ13C values are lower, C4 plants however, 

do not exhibit a strong discrimination against atmospheric 13CO2.  The photosynthetic pathways 

of C3 and C4 plants differ in their incorporation of CO2 as well as with the way in which they 

convert CO2 into organic matter (Edwards & Walker 1983).  C4 plants assimilate CO2 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 

δ13C 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 

(δ13C) and water-use efficiency during C3 plant photosynthesis (Seibt et al. 2008; Duquesnay et 

al. 1998).   Controlled experiments have shown that increasing atmospheric CO2 concentration 
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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 CO2 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 δ13C in tree ring cellulose 

records CO2 gas exchange (Gagen et al. 2010; Saurer et al. 2004).  The parameter generally 

derived from these types of investigations is intrinsic water-use efficiency (iWUE), which is 

estimated using δ13C and has been defined as the rate of exchange of CO2 and H2O between trees 

and the atmosphere (Ehleringer & Cerling 1995; Saurer et al. 2004).  Increased iWUE under 

elevated CO2 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 δ13C and cellulose δ13C, the trends over time should not be affected (Waterhouse 

et al. 2004).   

In regards to C4 ʻAkoko, there are models of variable complexity (c.f. Cernusak et al. 

2013 for review) that address 13C discrimination (Δ) 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 CO2 and/or HCO3- (Farquhar et al. 1989). 
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Evaluating ÔAkoko as a Model Species for Demonstrating Annual C4 Plant Responses to 

Increased [CO2]atm 

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 Māmane (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 

(δ13C), has been collected from ‘Akoko and Māmane growth rings.  Demonstrating annual 

periodicity and the isotopic compositions of growth rings in ‘Akoko under the varying conditions 

found at Hawaiʻi’s sub-alpine forests will allow for a better assessment of how increasing 

atmospheric CO2 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 CO2 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 Hawaiʻi Island study sites (e.g., 

Pōhakuloa Training Area) are of particular interest because woody C4 ‘Akoko is associated with 

woody C3 Māmane (Sophora chrysophylla) and Naio (Myoporum sandwicense) allowing for 

comparitive studies under the same conditions. 
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HYPOTHESES 

H1:  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 ʻAkoko were cross-dated with those of Māmane 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 δ13C trend in ʻAkoko 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 δ13C 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.   

 

H2:  Carbon isotope ratios in ʻAkoko growth rings are correlated with past trends in 

atmospheric CO2 from Keeling Curve (i.e., a potential for climate reconstructions exists). 

Investigating the carbon isotope ratios in ʻAkoko growth rings may allow for the reconstruction 

of past trends in atmospheric CO2 concentrations (Leavitt & Long 1983; Helle et al. 2005).  

Although carbon isotope ratios in ʻAkoko 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 CO2 concentrations in the atmosphere.  It is hypothesized that the δ13C 

values found in ʻAkoko growth rings can be accurately calibrated with climate data resulting in 

the production of an ʻAkoko δ13C curve that can be extrapolated back in time and which can be 

converted into a curve of estimated historic atmospheric CO2 concentrations.  If this is can be 

done, we may say that ʻAkoko has climate reconstruction potential. 
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H3:  There will be a positive relationship between 13C discrimination (intrinsic water-use 

efficiency) and atmospheric carbon dioxide concentration for both ʻAkoko and Māmane.  

Additionally, the slope of this relationship will be greater for Māmane than for ʻAkoko. 

Studies have reported increased 13C discrimination in various tree species under elevated CO2 

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 Māmane (C3) may have a higher rate of change than 

ʻAkoko (C4).  In which case, we might determine that increased iWUE of Māmane in response 

to rising atmospheric CO2 concentration allows it to better compete with the ʻAkoko (C4) 

photosynthetic strategy, which by definition is more efficient in water use.  While 13C 

fractionation in C3 plants is controlled by the stomata-regulated ratio of intercellular to ambient 

CO2 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 δ13C 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 

  

Study Site 

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 

Māmane, which is the primary food and habitat source for the Palila (Hess et al. 1999).  The 

Māmane and Naio co-dominated forests of Mauna Kea serve as critical habitat for other rare and 

endangered native Hawaiian birds, such as the Akiapolaʻau, 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, Hawaiʻi.  This area is approximately 24-25 

kilometers from the Mauna Loa Atmospheric Observatory.  ʻAkoko samples were gathered at 

approximately 2,000m to 2,200m elevations (Figure 1) within a Māmane 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.  ʻAkoko 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 511mm, 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 

ʻAkoko (Euphorbia olowaluana) 

ʻAkoko is an endemic Hawaiian C4 tree found primarily in high elevation, dry forests on 

Maui and Hawaiʻi 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).  ʻAkoko 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 ʻakoko (Magnacca 2007).  At both our Pōhakuloa Training Area study site and 

Pu’u Wa’awa’a Wildlife Sanctuary, isolated ʻAkoko 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 ʻAkoko (Euphorbia olowaluana) in our Pōhakuloa 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 ʻAkoko growth periodicity and age structure dynamics. 

 

Sample Collection and Processing 

Live ʻAkokos 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 

ʻAkoko growth rings.  Instead, we examined the growth formations of ʻAkoko 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 ʻAkoko 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 ʻAkokos.  

Māmane samples were obtained from a prior collection gathered at the Pōhakuloa 

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

with the ʻAkoko in terms of ring years. 

 

Classical Tree-Ring Analysis 

 Each ʻAkoko 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 ʻAkoko 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 ʻAkoko 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 ʻAkoko 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 ʻAkoko and three Māmane 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 (<1mm 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% NaClO2 

solution with a pH of 4-5 was added to each sample in a 60°C water bath.  In general, the 

NaClO2 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 NaClO2 solution was drained and a fresh 7.5% NaClO2 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 NaClO2 solution was changed once again and the samples sat for 7 hours at 

60°C.  Afterwards, the NaClO2 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, 180-220µg 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 and Intrinsic Water-Use Efficiency 

There are a series of equations commonly used to determine intrinsic water-use efficiency 

(iWUE) from δ13C of C3 plants.  As already mentioned above, it cannot be estimated precisely 

from δ13C of C4 plants, because trends are generally muted and in opposite direction to that for 

C3 plants (Cernusak et al. 2013).  However, the 13C isotope discrimination (Δ) can be obtained 

from either C3 (Δ3) or C4 (Δ4) organic material of interest and directly be compared.  During 

carbon fixation in C3 plants, 13CO2 is discriminated against 12CO2 due to isotope fractionation 

during specific photosynthetic processes, the most significant being during carboxylation (i.e. 

enzymatic fixation of CO2) and during CO2 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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∆3 (‰) =a + (b-a) (Ci/Ca)           (Equation 2) 

Where: 

∆3 (‰) = Permill discrimination of C3 plants 

a = Discrimination against 13C during CO2 diffusion = 4.4‰ (O’Leary 1981) 

b = Discrimination against 13C during carboxylation by RuBisCO = 27‰ (Farquhar & Richards 

1984) 

Ci = Intercellular CO2 concentration 

Ca = Ambient CO2 concentration 

 

Once ∆ (‰) has been calculated, iWUE can be calculated using Fick’s Law and Equation 3 

(Duquesnay et al. 1998):       

Fick’s Law: 

A = gCO2 (Ca-Ci) 

Equation 3:    

∆ (‰) = a + (b-a) (1- ((1.6/Ca) (A/gH2O)))             (Equation 3) 

Where: 

A = Net CO2 uptake (net photosynthesis) 

gCO2 = Leaf conductance to CO2 

gH2O = Leaf conductance to water vapour = 1.6gco2 

And: 

A/gH2O = Intrinsic WUE 
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In our study, iWUE was calculated for each growth ring in Māmane (Sophora Chrysophylla) 

(C3) in order to produce a curve, which was then compared with that produced by the iWUE data 

of ʻAkoko (Euphorbia olowaluana) (C4). 

 For C4 plants a simplified equation for calculating ∆4 was formulated by Farquhar 1983: 

∆4 (‰) = (Ca-Ci)/Ca · a + [(b4+ φ(b3-s)] · (Ci/Ca)           (Equation 4) 

Where: 

∆4 (‰) = Permill discrimination of C4 plants 

Ci = Intercellular CO2 concentration 

Ca = Ambient CO2 concentration 

a = Discrimination against 13C during CO2 diffusion = 4.4‰ (O’Leary 1981) 

b4 = Discrimination against 13C during carboxylation by PEP carboxylase = ~ -5.7 ‰ at 25°C 

(Farquhar 1983) 

φ = leakiness, i.e. proportion of carbon fixed by PEP leaking out of bundle sheath cells (<0.3) 

b3 = Discrimination against 13C during carboxylation by RuBisCO = 27‰ (Farquhar & Richards 

1984) 

s = fractionation during diffusion of CO2 out of the bundle sheath cells (1.8‰) 

 

According to Equation 4 two factors, namely Ci/Ca and leakiness (φ) are governing ∆4 variability 

and make interpretation challenging. Where only Ci/Ca is relevant for discrimination in C3 plants 

(∆3), φ is additionally important for ∆4 as it controls the extent to which RuBisCO fractionation is 

expressed. In practice, different values of φ lead to either positive or negative correlation 

between ∆4 and Ci/Ca, depending on whether φ is larger or smaller than ~0.37 (c.f. Cernusak 

2013 and citations therein).  In the light of this, i.e. depending on φ, the response of ∆4 to drought 
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can either be positive, negative, or insignificant.  Furthermore, φ differs across various subtypes 

of C4 photosynthesis related to e.g. leaf morphological features, however, differences among C4 

plants (1-3‰) are much smaller than for C3 plants (up to 7-8‰).  Several studies do exist 

reporting estimates of φ derived from various approaches.  In summary, φ seems to be smaler 

than 0.3 and rather constant under a wid range of conditions (different CO2 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 ʻAkoko 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 ʻAkoko 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 ʻAkoko ring width chronology that was significantly correlated with the 

annual ring width chronology of Deodar Cedar would provide evidence for annual rings in 

ʻAkoko (Cook & Kairiukstis 1990; Worbes 1995).   

 

Quality 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 δ13C in plants by influencing 

the stomatal aperature (Farquhar 1982; Saurer et al. 1995).  This subsequently influences the 

isotope fractionation that occurs as CO2 from the atmosphere is processed by plant matter 

(Farquhar 1982).  For example, water stress can induce stomatal closure and thus would increase 

the δ13C of intracellular carbon by decreasing the discriminatory potential of the Rubisco (C3) or 

PEP carboxylase (C4) enzymes (Saurer et al. 1995). 

 Diffusion of CO2 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 Farqhuar 1983 shown above, the discrimination of the 

13C isotope in Māmane and ʻAkoko is dependent on the ratio of CO2 concentration in plant cells 

(ci) to the CO2 concentration in the atmosphere (ca) as driven by stomatal conductance and, in 

addition, a constant bundle sheath cell leakiness (φ) for ʻAkoko.  The idea is that the climate 

factors affecting this ratio are providing a signal in the δ13C of tree rings (Farquhar et al. 1982; 

Farqhuar 1983; Saurer et al. 1995). 

 The potential for ʻAkoko to be used as a viable species for climate reconstructions was 

determined by a multiple regression analysis correlating the ʻAkoko δ13C chronology and climate 

data.  The data include atmospheric δ13C values and CO2 concentrations from the Mauna Loa 

Atmospheric Observatory (Keeling et al. 2001), and Hawaiʻi climate station and rainfall data 

from a rain gauge station at Pōhakuloa, Hawaiʻi (Giambelluca et al. 2011).  Climatic signals in 
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the δ13C 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 ʻAkoko δ13C, would identify ʻAkoko as a 

potential species for climate reconstruction.  Additionally, high correlations between ʻAkoko 

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

 

RESULTS 

 

Crossdating 

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. 

ʻAKOKO: 

A 59-year long chronology (Figures 6-8) was established from seven of the 20 ʻAkoko 

trees sampled at the Pōhakuloa 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 ʻAkoko 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 ʻAkoko 
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samples and the dated Cedar samples.  This resulted in an ʻAkoko chronology dating from 1933-

1991.  

 

Quality of the Chronology 

 The series intercorrelations for the ʻAkoko 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 ÔAkoko Tree Rings & Support for Annual Periodicity 

ʻAkoko 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 ʻAkoko 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 ʻAkoko spaghetti plots (Figures 3 & 6). 

 

Isotope Analysis and Evaluation of Climate Reconstruction Potential 

 A number of analyses were conducted in determining the potential of ʻAkoko in 

reconstructing historical climates and atmospheric CO2.  Regression analyses were run in order 

to identify relationships between the following factors: 
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• ʻAkoko Ring Widths vs. Average and Sum Rainfall (1938-1978; Pōhakuloa Training 

Area Hawaiʻi) 

• ʻAkoko Ring Widths vs. Atmospheric δ13C (1960-1987; McCarrol and Loader 2004) 

• δ13C from ʻAkoko Tree Rings vs. Average and Sum Rainfall (1938-1978; Pōhakuloa 

Training Area Hawaiʻi) 

• δ13C from ʻAkoko Tree Rings vs. Atmospheric δ13C  (1960-1987; McCarrol and Loader 

2004) 

 

Of these analyses, the only significant relationship identified was between δ13C from ʻAkoko tree 

rings and atmospheric δ13C (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), ʻAkoko is 

determined to be a viable species for atmospheric CO2 reconstructions.  This supports hypothesis 

2.  δ13C values found within the growth increment wood of three ʻAkoko individuals using stable 

isotope analysis were averaged for each year. 

 

Comparing Intrinsic Water-use Efficiencies between "Akoko and M#mane 

 For both ʻAkoko and Māmane, intrinsic water-use efficiency (iWUE) increased over time 

and thus, increased as atmospheric CO2 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 CO2 conditions (Feng 1999; Gagen et al. 

2010; Saurer et al. 2004).  The relationships between increased iWUE and year were positive and 

significant for both ʻAkoko (P = 7.833e-­‐08;	
  df	
  =	
  26;	
  F	
  =	
  54.4)	
  and Māmane (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 Māmane 

respectively, indicating that the rate of change of ʻAkoko iWUE is higher than that of Māmane. 

	
  

DISCUSSION	
  

	
  

Annual Rings in C4 "Akoko and Implications for Research	
  

C4 photosynthesis evolved from the C3 photosynthetic pathway through selective 

pressure of declining atmospheric CO2 concentrations some million years ago. With respect to 

the rapidly increasing CO2 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 CO2 rise.  The challenge is to 

extract this information and assign it with exact calender dates.	
  

Multiple lines of evidence support annual periodicity in ʻAkoko, including significant 

interseries correlations and EPS values in ring width patterns among ʻAkoko individuals and 

with live Deodar Cedar cores.  This indicates that ʻAkoko 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 ʻAkoko ring-width series was compared to the Pōhakuloa Māmane 

(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 Māmane is a C3 

species and ʻAkoko is a C4, along with taking the highly variable soil and site conditions at 

Pōhakuloa 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 

ʻAkoko cross sections is possible and can result in high interseries correlation.  Additionally, this 

study found significant correlation between annual ʻAkoko δ13C and atmospheric δ13C isotope 

values.   

This is the first dendrochronological evidence for annual growth rings in a C4 plant in 

general and in ʻAkoko in particular. Although this finding should be confirmed by independent 

methods (e.g., 14C 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 Hawaiʻi.  This study demonstrated that ʻAkoko 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 ʻAkoko δ13C	
  and atmospheric δ13C	
  values 

(Figure 7) indicates that the wood of C4 ʻAkoko contains a valuable archive of time series data 

relating to historical atmospheric CO2 concentrations (Buchmann et al. 1996; Feng & Epstein 

1995).  This supports hypothesis 2.  The usefulness of using a C4 tree for atmospheric CO2 

reconstruction relies on the assumption that C4 discrimination against 13C 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 CO2 data beginning in 

1958.  Because some of our ʻAkoko 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 ʻAkoko individuals to be sampled.  The individuals were 

sampled before the exact dates of the rings were known and thus, the dates for the δ13C	
   values, 

were known.  Once dates were finalized, I found that the ʻAkoko δ13C	
  	
  isotope data span from 

1948-1987.  Future research will include identifying and dating much older ʻAkoko, or other 

woody C4 individuals, in order to use high-resolution isotope data within each ring to develop a 

trend for atmospheric δ13C	
  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 

δ13C	
  tree vs. δ13C	
  atmosphere.	
  

 

Comparing C3 M#mane and C4 "Akoko Intrinsic Water-Use Efficiencies Over Time 

 The rate of increase in ʻAkoko iWUE was higher than that of Māmane and thus, ʻAkoko 

(C4) maintains its advantage for survival in drought and high temperature conditions.  This is 

possibly due to the fact that ʻAkoko already possessed the C4 advantage for higher water-use 

efficiency, whereas Māmane (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 Māmane and ʻAkoko have increased iWUE under elevated CO2 conditions (Figures 10 & 

11) (Eamus 1991; Ceulemans & Mousseau 1994).  This is, in theory, due to increased 

atmospheric CO2 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 CO2, it was also 

hypothesized that the slope of this relationship would be greater for Māmane than for ʻAkoko.  

This would mean that the iWUE of Māmane, in response to rising atmospheric CO2 levels, 

allowed it to better compete with the ʻAkoko (C4) photosynthetic strategy.  This was however, 

not demonstrated.  Interestingly, ʻAkoko iWUE seems to have an exponential relationship with 

rising atmospheric CO2 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 δ13C curve over time (Figure 12), reveals no conspicuous trends occurring after 
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1975 (when ʻAkoko ( 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 CO2 conditions. 
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Table 1.   General summary statistics from Cofecha of Cedar (Cedrus deodara) and ʻAkoko 
(Euphorpia olowaluana) tree-ring chronologies from Mauna Kea, Hawaiʻi. 

 
Parameter Cedar ʻAkoko 
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 ʻAkoko (Euphorpia olowaluana) tree-ring 

chronology crossdated with Cedar (Cedrus deodara) tree-ring chronology.  Both 
chronologies are from Mauna Kea, Hawaiʻi. 

 
Parameter Dated Cedar Crossdated with ʻAkoko 

Series intercorrelation 0.639 

Average mean sensitiviy 0.507 
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Figure 1.  Location and elevations of ʻAkoko and Naio samples at the Pōhakuloa training area on 

Mauna Kea Hawaiʻi.  Samples were gathered at approximately 2,000m to 2,200m 
elevations  
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Figure 2.  Distribution of Māmane/Naio Forest encompassing ʻAkoko samples located on the 

southern slope of Mauna Kea, Hawaiʻi.	
  
	
  

	
  
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, Hawaiʻi. 
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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, Hawaiʻi.  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. 

 
 

 
	
  

Figure 6.  Raw tree-ring series (black, n = 19) and the mean of all series (red) from seven cross-
sections of ʻAkoko (Euphorbia olowaluana) from Pōhakuloa, Hawaiʻi.  (1933-1991). 
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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 ʻAkoko 
(Euphorbia olowaluana) from Pōhakuloa Training Area, Hawaiʻi.  This chronology is 
based on seven ʻAkoko 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 ʻAkoko (Euphorbia olowaluana) from Pōhakuloa Training 
Area, Hawaiʻi.  This chronology is based on seven ʻAkoko cross sections (n=19).  
(Bottom) Number of samples used to produce the chronology. 
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Figure 9.    Generalized multiple regression of ʻAkoko δ13C averages vs. atmospheric δ13C 

values.  This serves as supporting evidence for annual rings in ʻAkoko and also that 
ʻAkoko may be a viable species for atmospheric CO2 reconstructions. This Figure 
depicts the relationship between these parameters.  There is a significant relationship 
(p=5.52e-08, Adjusted R2 = 0.673). 
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Figure 10.  ʻAkoko intrinsic water-use efficiency vs. year.  

   Atmospheric δ13C 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.  Māmane intrinsic water-use efficiency vs. year.  (y = 1.08x – 2027.56)   
                   Adjusted R² = 0.8134, p-value = 4.552e-10 
                 Māmane 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 δ13C values (McCarrol & Loader 2004), spanning 

from 1960 to 1987 for comparison with Figure 9. 
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