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Abstract. Peatlands dominated by the wire rush Empodisma spp. are widely distributed across Aotearoa New Zealand and
hold considerable potential as archives for reconstructing past variability in the Southern Annular Mode, the dominant mode
of Southern Hemisphere climate variability. However, the mechanistic links between climate, hydrology, and stable isotope
signals in Empodisma cellulose remain incompletely understood. Here, using spatial (13 sites) and temporal (monthly, two
sites) datasets, we examine the environmental controls on Empodisma cellulose §°C and 3'%0 and their suitability for
palaecoclimate reconstruction. We confirm strong spatial relationships between 3'°C and temperature across the Aotearoa
New Zealand latitudinal transect, consistent with carbon isotope discrimination theory under non-water-limited conditions
and demonstrate that moisture variables exert no significant site-scale control, although a secondary within-site relationship
with water-table depth is resolved. For 8'®0, we show that internal root and shoot waters are systematically offset from root-
associated water, with a species-dependent offset (Empodisma robustum > E. minus), and that the mean of internal root and
shoot water is the best-performing source for predicting root cellulose §'0 in a mechanistic model. Isotope mixing
modelling reveals that root water is the dominant contributor to cellulose oxygen, but that this partitioning varies
systematically with season and species. Initial downcore analysis at North and South Island sites records coherent multi-
decadal trends in both proxies whose relative amplitudes follow the species-dependent partitioning predicted by the modern
calibration. Once corrected for the atmospheric Suess effect, however, both proxies enrich over the industrial period in the

direction that would be expected from rising CO:z rather than from circulation change, indicating that pre-industrial records
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will be required to isolate a SAM signal. These results provide a mechanistic basis for interpreting Empodisma cellulose
isotope records as proxies for past temperature and atmospheric circulation variability across the Southern Hemisphere mid-

latitudes.

1. Introduction
1.1. Palaeoclimatic context for proxy development

The Southern Annular Mode (SAM) is the dominant mode of climate variability in the Southern Hemisphere, expressed as
sea-level pressure anomalies of opposite sign between the mid-latitudes (~40° S) and high latitudes (~65° S). Shifts in the
SAM drive changes in the strength and position of the Southern Hemisphere westerly winds (SHWW), which exert a major
influence on temperature and precipitation patterns across mid- to high-latitude regions (Fletcher and Moreno, 2012; Fogt
and Marshall, 2020; Gillett et al., 2006). The SAM is also a key component of the global climate system, affecting
atmosphere-ocean CO2 exchange (Hodgson and Sime, 2010), and the strength and variability of the Southern Ocean carbon
sink (Gruber et al., 2018; Landschiitzer et al., 2015; McKinley et al., 2016; Saunders et al., 2018; Stewart et al., 2020),
resulting in modulation of Southern Hemisphere atmospheric CO:2 concentrations (Fletcher et al., 2018; Fletcher and
Moreno, 2011; Moreno et al., 2010).

Since the 1950s the SAM has trended towards its positive phase, marked by a strengthening and poleward shift of the
SHWW (Gillett et al., 2006). This trend has been attributed primarily to stratospheric ozone depletion, amplified by
greenhouse gas forcing (Arblaster and Meehl, 2006; Banerjee et al., 2020). However, climate models vary in their ability to
reproduce the observed variability and to simulate the SAM’s response to external forcing (Fogt and Marshall, 2020; Ivanciu
et al., 2021). This remains a significant uncertainty in projections of Southern Hemisphere climate change.

Developing robust reconstructions of Holocene SAM variability at multi-decadal to millennial timescales is therefore
essential both to constrain the dynamics of the SHWW and to provide a benchmark for testing climate model performance
(Hessl et al., 2017). Yet reconstructions remain scarce: tree-ring (Lara et al., 2008; Villalba et al., 2012) and ice-core records
(Abram et al., 2014; Koffman et al., 2014), alongside multi-proxy compilations (Détwyler et al., 2018; Zhang et al., 2015),
extend back up to two millennia, with recent syntheses further emphasising the potential of Common Era reconstructions
(King et al., 2023). In addition, centennial- to millennial-scale reconstructions from lakes and peatlands are concentrated
almost exclusively in southern South America and on the sub-Antarctic islands (Fletcher and Moreno, 2011, 2012; Frugone-
Alvarez et al., 2017; Moreno et al., 2010, 2014, 2018; Perren et al., 2020; Strother et al., 2015; Xia et al., 2018). Despite
these advances, Holocene SAM evolution remains poorly constrained and regionally inconsistent, with sometimes
contradictory results (Hessl et al., 2017; Moreno et al., 2014), underscoring the urgent need for new proxies from SAM-
sensitive regions across all sectors of the Southern Ocean.

Here we address that gap by developing a contemporary isotopic calibration for Empodisma-dominated restiad peatlands

across a latitudinal transect of Aotearoa New Zealand, and testing its application to downcore records.
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1.2. Regional setting

Please note that we use the term Aotearoa New Zealand to acknowledge te reo Maori and the mana whenua of the lands and
waters in which this research is situated. We use the full term throughout the text. Where space is constrained, in figures and
tables, we may abbreviate to ‘NZ’, following a common government style convention to abbreviate after the first full
mention (Mathison, 2021); this is not intended to diminish the significance of Aotearoa as a place. Nga mihi nui ki nga
tangata whenua o Aotearoa, me nga whenua me nga wai i mahia ai t€nei rangahau. We acknowledge with respect the tangata
whenua of Aotearoa, and the lands and waters where this research was carried out; this work would not have been possible
without their support.

Aotearoa New Zealand lies in the zone of interaction between the Southern Hemisphere westerly winds (SHWW) and
subtropical moisture sources (Ummenhofer and England, 2007), making it highly sensitive to changes in the SAM. These
competing influences create strong latitudinal and orographic gradients in the isotopic composition of precipitation, driven
by shifts in air-mass source, altitude, and rainout effects (Fig. 1). Modern climate observations show robust correlations
between the SAM and Aotearoa New Zealand temperature and precipitation (Kidson, 2000; Kidston et al., 2009; Thompson
et al., 2011; Ummenhofer et al., 2009). The positive phase of the SAM is associated with anomalously warm conditions
throughout much of the country (Kidston et al., 2009) and with an orographic east-west precipitation contrast across the
South Island, with reduced precipitation in the western side of the Southern Alps and increased precipitation in the east under
positive SAM phases, and the reverse pattern under negative phases (Ummenhofer et al., 2009) SAM variability accounts for
a substantial fraction of late twentieth-century summer precipitation decline in Aotearoa New Zealand (Ummenhofer et al.,
2009), and seasonal asymmetries in SAM forcing are expressed in long-term station records of temperature and rainfall
(Kidson, 2000). In Aotearoa New Zealand, however, the isotopic expression of these circulation changes depends not simply
on rainfall amount, but on the relative contribution of subtropical versus higher-latitude moisture sources (see Sect. 1.3).
These large-scale relationships are reinforced by evidence of SAM’s influence on river flow variability (Li and McGregor,
2017), its role in driving extreme heat and precipitation anomalies during recent summers (Salinger et al., 2019) and high-
resolution simulations that capture SAM’s imprint on Aotearoa New Zealand weather extremes (Gibson et al., 2023).
Palaeoclimate records from Aotearoa New Zealand that provide insight into Holocene SAM and SHWW dynamics include
radiocarbon-dated subfossil trees (Turney et al., 2016), fjord sediments (Hinojosa et al., 2017), and lake sediment records
(Anderson et al., 2018; Jara et al., 2015; Turney et al., 2017). Recent syntheses emphasise the importance of the region for
testing Southern Hemisphere climate teleconnections (Détwyler et al., 2018; Gallant et al., 2013), and the potential of stable
isotope analysis to address such questions has been demonstrated in speleothems (Lorrey et al., 2020), and framed by recent
reviews on water-isotope process linkages across archives (Dee et al., 2023).

Holocene-spanning peatlands are widely distributed across Aotearoa New Zealand and have been shown to hold
considerable potential for palacoclimate reconstruction (Jara et al., 2017; Newnham et al., 2019). Recent work highlights

their sensitivity to climate forcing, including new peat formation during warming and deglaciation in the Southern Alps
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(Fewster et al., 2025). Yet, despite this evidence, they remain comparatively underexplored as archives for investigating past
SAM variability. Moreover, although initial studies demonstrated promise, their potential as stable isotope archives for

reconstructing palaeohydrological and climatic change remains largely untapped (Amesbury et al., 2015a, b).

1.3. Isotope proxies in peatland systems

Developing robust insights into past SAM behaviour requires proxies for both temperature and precipitation to resolve
regional variations in climate responses and drivers, including the dynamic interaction between SAM and the El Nifio-
Southern Oscillation (ENSO) (Clem and Fogt, 2013; Lim et al., 2016; Vera and Osman, 2018). Recent work shows that
SAM-ENSO teleconnections are often non-stationary and vary across centennial-millennial timescales, complicating
reconstructions and underscoring the need for multi-proxy, process-informed approaches (Datwyler et al., 2018, 2020;
Rahaman et al., 2019).

Stable isotopes of carbon and oxygen are widely used palacoclimate proxies in peatland research (Bilali et al., 2013; Daley et
al., 2010; Jones et al., 2019; Loisel et al., 2010; Roland et al., 2015). Much of this work has been undertaken in Sphagnum-
dominated peatlands, common in northern Europe, North America, and southern South America, where modern process
studies show that cellulose 8'3C and 8'30 respond to hydrological gradients such as water-table depth, microtopography, and
seasonal moisture balance, supporting their use as palaeohydrological proxies (Daley et al., 2010; Loader et al., 2016; Loisel
et al., 2010). These studies also emphasise the sensitivity of Sphagnum isotopes to species identity and local environmental
conditions, reinforcing their value as palacoclimate proxies but also the need for careful interpretation (Granath et al., 2018).
In Aotearoa New Zealand, by contrast, peatlands are typically dominated not by Sphagnum but by the wire rushes (te reo
Maori: wiwi) Empodisma robustum and E. minus (Amesbury et al., 2015a, b). These species form thick peat deposits
through dense root mat growth and litter inputs. Their root system is dimorphic, combining anchor roots extending to over a
metre depth with a shallow, vertically oriented cluster-root mat adapted to intercepting atmospheric nutrient inputs (Clarkson
et al., 2009). Strong stomatal control and high sensitivity to vapour pressure deficit confer high water-use efficiency and
correspondingly low rates of evapotranspiration (Speranskaya et al., 2024; Thompson et al., 1999), and resilience to seasonal
drought, in marked contrast to the water-retentive strategies of Sphagnum mosses. These contrasting ecohydrological traits
between vascular-plant and Sphagnum-dominated peatlands (Speranskaya et al., 2024) have direct implications for isotope
behaviour, underscoring the need for locally grounded, taxon-specific calibration to unlock their value as palaeoclimate
proxies. Fewer studies have assessed palacoclimate proxies in peatlands dominated by vascular plants (Kock et al., 2019a,
b), but emerging evidence shows that species-specific isotopic behaviour in vascular plants is shaped by interspecies
physiological differences (Jones et al., 2019) and decomposition dynamics (Zeh et al., 2020).

Given these complexities, proxy development must be grounded in empirical and mechanistic understanding of the modern
processes that underpin palaco-interpretation. Recent mechanistic and applied studies linking carbon assimilation and
moisture status to isotopic composition are improving proxy calibration and interpretive power (Loader et al., 2016; Stelling

and Yu, 2019; Turi et al., 2021).
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We previously tested relationships between carbon (3'°C) and oxygen (8'%0) in Empodisma cellulose and climate-
hydrological variables in Aotearoa New Zealand spatial and temporal datasets (Amesbury et al., 2015a, b). For carbon
(Amesbury et al., 2015b), we found significant negative correlations between cellulose 3!°C and temperature, cumulative
photosynthetically active radiation over the growing season (above 0°C, PARo), and growing degree days above 0°C (GDDy;
growing season warmth expressed as accumulated temperature over the growing season). There were no significant
relationships with precipitation amount, relative humidity, soil moisture or water-table depth, suggesting a lack of growing-
season water limitation and a decoupling from hydrological controls often reported for Sphagnum-dominated peatland
systems (Loisel et al., 2009, 2010). The strength and consistency of these relationships indicated that Empodisma cellulose
8'3C may provide a useful temperature proxy. That calibration is, however, a spatial one, established across a contemporary
latitudinal gradient along which atmospheric COsz is effectively constant. Applied downcore across the industrial period it
must contend with an additional control: rising atmospheric CO2 alters carbon isotope discrimination through its effect on
stomatal conductance and intrinsic water-use efficiency, independently of climate, while the accompanying decline in the
313C of atmospheric CO2 (the Suess effect) is imprinted directly on plant tissue. Neither term is present in the spatial
calibration, and both must be accounted for before a downcore 8'3C record can be read as a temperature signal. For oxygen
(Amesbury et al., 2015a), we identified strong links between the isotopic composition (530, 8D) of peat-surface waters and
precipitation (empirically and via back-trajectory analysis). The transfer to cellulose 580 was less clear and likely limited by
a paucity of true internal-water measurements, although mechanistic modelling predicted mean cellulose values within
published error margins for both spatial and temporal datasets. These findings motivated further process-based calibration of

vascular-plant peat proxies and support expanding beyond Sphagnum-dominated systems.

1.4. Research aims

Here, we build on that earlier work by implementing a more detailed mechanistic experimental approach to refine carbon and
oxygen isotope proxies in Empodisma. In doing so, we provide a stronger foundation for applying these proxies to late-
Holocene Aotearoa New Zealand Empodisma-dominated peatland cores, extend peatland palaeoclimate reconstruction
beyond Sphagnum-dominated systems, and support improved interpretation of past SAM variability. Specifically, we test the
following four hypotheses:

H1: Previously observed relationships between Empodisma carbon and oxygen stable isotopes and the environment
(Amesbury et al., 2015a, b) are replicated within a framework of expanded spatial and temporal sampling, strengthening
original conclusions.

H2: Root-associated water (squeezed from the interstitial water of surface Empodisma root samples) and true internal plant
waters (obtained via vacuum distillation) are linearly related, and this relationship provides better understanding of the
isotope fractionation processes in Empodisma, specifically the link between source water and root cellulose.

H3: True internal root, shoot or a combination of root and shoot water is a better predictor of root cellulose §'*0 values than

root-associated water or precipitation in a mechanistic model.
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H4: Downcore cellulose 3'°C and 3'®0 from contrasting sites behave as predicted by the surface calibration, and can be

compared meaningfully against the instrumental SAM index.
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Figure 1. Locations of peatland sites included in this study and in combined analyses with previously published data. Symbols
distinguish sites sampled in this study and previous studies (Amesbury et al., 2015a, b). The Kauri Line marks the geographic division
between the two Empodisma species, with E. robustum north of 38° S and E. minus south of 38° S (Wagstaff and Clarkson, 2012). The
basemap shows the annually weighted mean §'%0 in precipitation (%o) for 1997-2013, derived from isoscape modelling (Baisden et al.,
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2. Methods
2.1. Field sites and sampling

In keeping with previous work (Amesbury et al., 2015a, b), we employed both spatial and temporal sampling approaches.
For both datasets, at each sampling point, two replicate sets of Empodisma spp. plant samples (surface-growing cluster roots
and recent shoot growth, collected as paired root-shoot samples from the same plants), two water samples (one from the
surface or below-ground water table, hereafter ‘bog water’, and one from interstitial water squeezed from cluster roots,
hereafter ‘root-associated water’), and a water-table depth measurement were taken. One set of plant samples was sealed in
zip-lock bags for subsequent cellulose extraction, while the other set were sealed in double-capped glass vials with
pierceable septa to avoid post-sampling evaporation and were retained for laboratory extraction of internal water from roots
and shoots (Sect. 2.2).

For the spatial dataset, we sampled 13 Empodisma-dominated peatlands (five of which were also included in Amesbury et
al., 2015a, b), spanning the range of precipitation isotope variability across Aotearoa New Zealand (Table 1, Fig. 1). Four
sites north of the ‘Kauri Line’ (38° S; Tangonge, Otakairangi, Kopuatai and Moanatuatua) contained E. robustum, whereas
all southern sites contained E. minus (Wagstaff and Clarkson, 2012). To ensure precipitation was the dominant moisture
source, we targeted ombrotrophic peatlands (Amesbury et al., 2015a), defined either by prior knowledge (Campbell et al.,
2014; Charman, 1997; Elliot, 1998; Newnham et al., 1995) or in-field using vegetation, pH and topographic indicators.
Nonetheless, as in previous work (Amesbury et al., 2015a), we acknowledge that local groundwater inputs (e.g. at Erua and
Crooked Mary Creek) cannot be entirely excluded. Spatial sampling was carried out in March 2016 and March 2017. Three
replicate samples were analysed at each site, yielding a total dataset of 39 samples.

For the temporal dataset, monthly samples were taken from March 2016 to March 2017 at two sites representing relatively
enriched (Moanatuatua, North Island) and depleted (Otautau, South Island) isotopic signatures (Fig. 1). At Moanatuatua,
water-table depth was calculated daily from half-hourly readings recorded by a pressure transducer (WL1000 W,
Hydrological Services, NSW, Australia) installed in a perforated PVC dip-well within 100 m of the sampling points. At
Otautau, where no equivalent monitoring was available, water-table depth was measured monthly at two locations adjacent
to the sampling sites. Precipitation was collected monthly at both sites using a standard method (Daley et al., 2010): a
stainless-steel funnel directed rainfall into a large container with a thin film of paraffin oil to prevent evaporative enrichment.

Containers were rinsed and the paraffin oil film renewed after each collection.

2.2. Water and cellulose isotopic analyses

Internal root and shoot waters were extracted from the sealed plant samples (Sect. 2.1) using cryogenic vacuum distillation
(Ehleringer et al., 2000; West et al., 2006). Externally adhering water was removed from root material prior to extraction, so
that extracted water represents the internal tissue pool. Samples were frozen in liquid nitrogen, then heated with hot water.

The resulting tissue water sublimated through a needle into an evacuated distillation line and condensed into a vial externally
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cooled by liquid nitrogen. Distillation was continued until the vacuum returned to its initial value. The system was then
opened to atmospheric pressure, the frozen water sample melted, and the water transferred to a 2 mL vial.

Isotopic analyses of all water samples (3'30 and 8D) were carried out at the Lancaster Environment Centre, UK. Prior to
analysis, samples were filtered through glass wool to remove particulates introduced during sampling. §'30 was measured by
pyrolysis of 0.5 pL of water at 1450°C over glassy carbon, and 8D was determined by reducing 1 uL of water to hydrogen
gas at 1080°C over a chrome-based catalyst, using a Vario Pyrocube (Elementar Analysensysteme, Germany) interfaced
with an Isoprimel00 isotope ratio mass spectrometer (Isoprime, UK). Internal (LEC tap water) and international standards
(VSMOW?2, TAEA; Low Water, Elemental Microanalysis, UK) were run with each batch. Analytical precision was 0.5 %o
for 8'30 and 1 %o for 8D.

Cellulose was extracted from cleaned roots and shoots (Amesbury et al., 2015a, b) following a standard bleaching procedure
(Daley et al., 2010; Loader et al., 1997). Isotopic analyses of cellulose were performed at the Godwin Laboratory
(Department of Earth Sciences, University of Cambridge). For §'%0, 0.1 mg subsamples of dried cellulose, sealed in silver
capsules (5.25 x 3.2 mm), were analysed by pyrolysis using a Thermo Finnigan TC/EA coupled to a Thermo Delta V mass
spectrometer via a ConFlo III interface. Two laboratory standards (a-cellulose and CC31) and an international standard
(NBS 127) were used to calibrate the reference gas and anchor 3'%0 to the VSMOW scale. Analytical precision was better
than 0.4 %o.

For 83C, 1 mg cellulose subsamples were sealed in tin capsules (5.25 x 3.2 mm) and combusted using a Costech Elemental
Analyser interfaced with a Thermo MAT 253 mass spectrometer in continuous-flow mode. Ratios were measured relative to
the VPDB standard, with analytical precision better than 0.1 %eo.

All isotope ratios are reported as per mil (%o) deviations from international standards (VSMOW for oxygen and hydrogen;

VPDB for carbon), where 8 = [(Rsample / Rstandard) - 1] < 1000 (Coplen, 2011), and R represents '0/'%0, 2H/'H, or 1*C/'2C.

2.3. Climate and isoscape data

Climate data for mean monthly temperature, relative humidity, soil moisture index, and total monthly precipitation were
obtained from the Aotearoa New Zealand National Institute for Water and Atmospheric Research (NIWA) National Climate
Database (cliflo.niwa.co.nz). For each site, we used the 0.05° x 0.05° gridded Virtual Climate Station Network (VCSN; Tait
et al., 2012, 2006) cell to calculate long-term annual or growing season means (or sums for precipitation) for the period
1972-2013. From VCSN data we also calculated growing degree days above 0°C (GDDo; cumulative growing-season
warmth). Cumulative photosynthetically active radiation (PARo) was calculated using the 0.5° x 0.5° CLIMATE?2.2 dataset
(Kaplan et al., 2003), since cloudiness data, required for PARo estimation (Prentice et al., 1992), are not available in VCSN.
To characterise spatial variation in the isotopic composition of precipitation, we used modelled isoscape values of §'30 and
oD from the VCSN grid square containing each site (Amesbury et al., 2015a; Baisden et al., 2016). These variables are not
independent: mean annual temperature (MAT), mean summer temperature (MST), GDDo and PARy all covary strongly
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along the latitudinal transect. Correlations are therefore reported individually as indicators of a shared thermal-energy

gradient rather than as separable controls.

2.4. IsoGSM modelling of SAM-related precipitation isotope anomalies

We used the isotope-enabled atmospheric general circulation model IsoGSM to characterise precipitation 3'30 anomalies
associated with positive and negative phases of the SAM across Aotearoa New Zealand. IsoGSM incorporates stable water
isotope tracers (830, 8D) within a nudged AGCM framework, in which large-scale atmospheric circulation is constrained by
reanalysis fields, improving the representation of synoptic variability in simulated precipitation isotopes (Yang et al., 2016).
Previous applications have demonstrated that IsoGSM captures key circulation controls on precipitation isotopes when
evaluated against GNIP observations and regional climatologies, including synoptic-scale isotope variability in western
North America (Berkelhammer et al., 2012), supporting its use as a diagnostic tool for palacoclimate interpretation.

For this study, monthly precipitation 3'80 fields were extracted over Aotearoa New Zealand for the period 1979-2018.
Anomalies were calculated relative to the 1979-2018 climatological mean. For both austral summer (DJF) and annual
conditions, composite anomaly maps were constructed by averaging 8'30 values across the five years with the most positive
SAM indices and the five years with the most negative SAM indices, based on the standard SAM index. Site locations are
shown on the anomaly maps (Fig. 2) to highlight spatial contrasts most relevant for interpreting Empodisma cellulose §'30
signals.

This modelling approach is intended to provide a climatological and process-oriented assessment of typical SAM-related

isotopic patterns, rather than to reproduce individual precipitation events.

2.5. Mechanistic and isotope mixing model

Mechanistic modelling focused on root cellulose, which is well-preserved in Empodisma-dominated peats and provides the
principal material for downcore palacoenvironmental reconstruction; shoot cellulose exhibits substantially larger source
water offsets (=10 %o), making it less suitable for proxy development (Amesbury et al., 2015a).

We applied a mechanistic model to predict Empodisma root cellulose values (8'%0c) from source water (5'%0s), following
established formulations that account for the combined effects of biochemical (ev), equilibrium (&) and kinetic (ex)
fractionation, together with the influence of relative humidity (h) (Amesbury et al., 2015a; Daley et al., 2010; Zanazzi and
Mora, 2005).

380 =880 + A (D
where
A=er+ (g + &) (1 -h) ()

Table 2 provides definitions of all variables. Following previous work, &, was set to 27 %o (Yakir and DeNiro, 1990) and ex
to 28.5 %o (Amesbury et al., 2015a; Buhay et al., 1996); see Table 2. Equilibrium fractionation (ec) was calculated as a
function of temperature in Kelvin. For sites dominated by E. robustum (TNG, OTK, KOP and MOA), mean annual
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temperature (MAT) was used, reflecting year-round growing conditions. For all E. minus sites, mean summer temperature
(MST; Nov-Mar) was used, reflecting more seasonal growth.

The mechanistic model was used to evaluate how well measured root cellulose §'30 could be predicted from alternative
candidate source waters. For the spatial dataset, candidate source waters included isoscape-modelled precipitation, root-
associated water, internal root water, internal shoot water, and the unweighted (1:1) mean of internal root and internal shoot
water §'%0. The relative contribution of the two pools was not optimised at this stage; it is quantified separately by the two-
endmember mixing model described below (Sect. 2.5). For the temporal dataset, measured precipitation was used in place of
isoscape-modelled precipitation.

To estimate the isotopic composition of the source water implied by measured root cellulose, Eq. (1) was rearranged as:
81805 =8"0. - A (€)
We then applied a two-endmember isotope mixing model (Phillips and Gregg, 2001; Shi et al., 2019) to test whether this
effective source water could be described as a mixture of internal root water (5a) and internal shoot water (ds). These two
endmembers were selected as the measured plant-internal water pools most directly linked to cellulose formation, whereas
precipitation and root-associated water are external or upstream pools rather than immediate internal source waters.

The isotope mixing model was defined as:

Om = fa Oa + fB OB (4)
subject to
fatm=1 )

where 8 is the isotopic composition of the mixed source water (8'30s), and fa and fz are the fractional contributions of
internal root and internal shoot water, respectively.

In the principal formulation, a single fixed mixing ratio was fitted for the full dataset and for predefined subsets of samples
by identifying the value of fa between 0 and 1 that minimised the mean absolute error (MAE) between modelled and
measured root cellulose (8'%0c). For a given value of fa, mixed source water was first calculated from Eq. (4) and then
entered into the mechanistic model (Eq. 1) to generate predicted root cellulose §'*0. Model performance was assessed using
the mean offset between modelled and measured values, the standard deviation of offsets, and the proportion of samples with
absolute offsets within + 3 %o, corresponding to the accepted uncertainty envelope around &.

To test whether source-water use varied systematically (taxa, sites, seasons), the fixed-ratio mixing model was first applied
to the full spatial dataset and then repeated for predefined subsets. Spatial subsets included species groups (E. robustum and
E. minus) and individual sites. For the temporal dataset, which comprised repeated sampling from MOA and OTT only, the
fixed-ratio model was applied to growing-season (Nov-Mar) and non-growing (Apr-Oct) subsets, both for the combined
temporal dataset and for each site separately. Additional per-sample exact-fit and zero-mean formulations were explored as

sensitivity analyses.

11
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Variable Description / reference Units
Stable oxygen isotopic composition of Empodisma root cellulose; modelled
3'%0c %0 VSMOW
values compared to measured values
Stable oxygen isotopic composition of the effective source water used in root-
3"%0s ) %0 VSMOW
cellulose formation
A Net fractionation term in the mechanistic model, where A = g, + (gc + &)(1 - h) %o
€ Biochemical fractionation factor; set to 27 %o (Yakir and DeNiro, 1990) %0
Water liquid-vapour equilibrium fractionation factor, calculated as a function of y
€, 00
‘ temperature (Yu, 2013; Yu et al., 2011)
Water liquid-vapour kinetic fractionation factor; set to 28.5 %o (Amesbury et al., N
€k 00
2015a; Buhay et al., 1996)
Relative humidity, expressed as a fraction (0-1). Mean 1972-2013 NIWA VCSN
h h from the 0.05 x 0.05° grid square containing each site (spatial dataset) (Tait et dimensionless
al., 2006)
Mean growing season temperature in Kelvin (1972-2013 NIWA VCSN), used to
T calculate ¢ (Tait et al., 2006); MAT for E. robustum sites and MST (Nov-Mar) K
for E. minus sites
Isotopic composition of the mixed internal source water in the two-endmember
dm %0 VSMOW
model
N Stable oxygen isotopic composition of internal root water (endmember A) %0 VSMOW
Sp Stable oxygen isotopic composition of internal shoot water (endmember B) %0 VSMOW
fa Fractional contribution of internal root water to the mixed source water dimensionless (0-1)
Fractional contribution of internal shoot water to the mixed source water; fA +fs )
18 dimensionless (0-1)

=1

Table 2. Variables and parameters used in mechanistic model (Eqgs. (1)-(3)) and two-endmember isotope mixing model (Eqs. (4)-

(5)) used to interpret root-cellulose 8'%0 in Empodisma spp. All & values are expressed relative to VSMOW.

2.6. Palaeo-application: core material, chronology and isotopic corrections

Peat cores were taken from Tangonge, North Island in March 2016 (35.104° S, 173.215° E) and Otautau, South Island in
March 2017 (46.134° S, 168.045° E). Root cellulose was extracted for 8'*C and 8'0 analysis at contiguous 1-cm resolution,

following the extraction methods and analytical procedures described in Sect. 2.2. Total core depths were 667 cm at

Tangonge and 575 cm at Otautau; however, only results since 1900 CE (equivalent to 0-31 cm at Tangonge and 0-43 cm at

Otautau) are presented here, to facilitate comparison with the observed Southern Annular Mode index (Marshall, 2003;

downloaded from https://legacy.bas.ac.uk/met/gjma/sam.html). Data visualisation was carried out in R using ggplot? and
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patchwork packages. Primary directional trends in the isotope and SAM time-series were illustrated using LOESS smoothers
(span = 0.75; 95 % confidence).

Chronological control was established using a combination of radiocarbon (!*C) and lead-210 (*'°Pb) dating. '*C analyses
were undertaken at Direct AMS (Seattle, USA) on hand-picked, cleaned above-ground plant macrofossils (Table S1). 2°Pb
dating was performed at the University of Exeter (UK) by alpha spectrometry following the methods of Estop-Aragonés et
al. (2018). Bayesian age-depth models were constructed for both sites using the rplum package in R (Aquino-Lopez et al.,
2018). Plum integrates 2!°Pb and *C ages within a single framework, avoiding the need to first construct an independent
210Pb age model (e.g. constant rate of supply (CRS), Appleby and Oldfield, 1978). Instead, it uses raw total 2!°Pb
concentrations (Bq/kg) directly, allowing independence between datasets to be preserved. The Bayesian framework also
permits natural integration of multiple dating sources (?!°Pb and '*C), providing coherent and robust age-depth models (Fig.
S1).

Downcore cellulose 8'°C values are reported both as measured and after correction for the industrial-period decline in
atmospheric 3'*C-COz (the Suess effect). Corrected values were obtained by subtracting the deviation of atmospheric §'*C-
CO:s at each modelled sample age from its 1850 value, using the global annual CMIP6 atmospheric 3!*C-CO2 compilation of
Graven et al. (2017), which splices ice-core and firn records with direct atmospheric measurements from 1977 onwards and
is the standard adopted for CMIP6 historical simulations. Atmospheric 8'3C-CO: declines from -6.61 %o in 1850 to -8.44 %o
in 2015 in this compilation; values for the two youngest samples were extrapolated linearly from the final decade of the
record. Corrected values are expressed relative to that pre-industrial baseline. Analysis was restricted to samples dating from
1900 CE onwards (TNG n = 30, OTT n = 42). Because the correction removes a monotonic atmospheric trend, it does not
affect the timing or relative structure of variability within each record, only the magnitude and sign of the long-term trend.
All contemporary calibration 5'*C values are from material grown under a common modern atmosphere and are reported as

measured.

2.7. Statistical analyses

Meteoric water line relationships were fitted by major axis (orthogonal) regression, which is appropriate where both
variables are subject to measurement error; ordinary least squares regression is used for all other bivariate relationships.
Associations between cellulose isotope values and climate variables were assessed using Pearson correlation. Interspecific
comparisons used Welch two-sample t-tests, which do not assume equal variances, and root-shoot comparisons used paired

t-tests. Significance was assessed at o = 0.05 throughout, and exact p values are reported.
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3. Results
3.1. Oxygen isotopes
3.1.1. IsoGSM precipitation 5'30 anomalies

To place observed precipitation 8'30 gradients in the context of large-scale atmospheric circulation, we first examined
IsoGSM-simulated precipitation isotope anomalies, which revealed clear 5'%0 signals associated with positive and negative
phases of the SAM (Fig. 2). In general, positive SAM states are characterised by more negative §'%0 anomalies relative to
the 1979-2018 climatology, whereas negative SAM states are associated with more positive §'%0 anomalies (Fig. 2A-D).
The magnitude and spatial expression of these anomalies vary both seasonally and regionally across Aotearoa New Zealand.
These contrasting isotope anomalies are consistent with known SAM-related circulation changes over Aotearoa New
Zealand. The influence of the SAM on Aotearoa New Zealand climate is strongly seasonal: during austral summer the SAM
produces a largely zonal wind-speed anomaly, whereas in winter the response is more meridional and regionally complex
(Kidston et al., 2009). Broadly, positive SAM phases are associated with anomalously high pressure over Aotearoa New
Zealand, lighter winds, reduced precipitation, and reduced synoptic variability, whereas negative SAM phases are associated
with stronger westerlies, more frequent synoptic disturbance, and enhanced precipitation, particularly over the South Island
(Kidston et al., 2009; Renwick and Thompson, 2006; Ummenhofer and England, 2007)

From an isotopic perspective, Aotearoa New Zealand precipitation 8'30 is strongly sensitive to the country’s variable
exposure to alternating subtropical and sub-Antarctic moisture sources, with warmer lower-latitude sources producing
relatively enriched precipitation and cooler high-latitude Southern Ocean sources producing more depleted precipitation
(Baisden et al., 2016). In that context, the more negative IsoGSM 830 anomalies during positive SAM phases (Fig. 2A, C)
are consistent with a greater relative influence of cooler, higher-latitude air masses, whereas the more positive anomalies
during negative SAM phases (Fig. 2B, D) are consistent with enhanced lower-latitude moisture influence. More broadly,
negative SAM states have been linked to more equatorward moisture sourcing in Southern Hemisphere high-latitude
precipitation, likely through amplified planetary wave activity (Gao et al., 2024), providing a plausible large-scale
mechanism for this isotopic contrast. These relationships suggest that moisture source characteristics, particularly source-
region latitude and temperature, represent the dominant control on precipitation §'*0 variability at our sites, rather than local
temperature alone.

The December-February (DJF) season is emphasised because SAM anomalies exert their strongest influence on Aotearoa
New Zealand climate during austral summer (Kidston et al., 2009), and because DJF represents the main growing season for
the seasonally constrained E. minus at South Island sites. For year-round growing E. robustum at North Island sites, annual
mean composites (Figs. 2C, D) are equally relevant for isotope incorporation, though they reproduce the same broad north-
south contrast with reduced anomaly magnitudes. During positive SAM states, DJF precipitation exhibits pronounced

depleted anomalies over the North Island, while anomalies are weaker across much of the South Island, particularly in the far
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south (Fig. 2A). Negative SAM states show the opposite pattern, with strong enriched anomalies over much of the South
Island and more moderate changes across the North Island, except for enrichment in the far north (Fig. 2B).

Overall, these simulated patterns are broadly consistent with observed SAM-related temperature and precipitation gradients
across Aotearoa New Zealand. Critically, the moisture-provenance interpretation holds even where positive SAM phases are
associated with increased precipitation frequency in northern Aotearoa New Zealand — the precipitation that falls retains the
isotopically-depleted signature of higher-latitude Southern Ocean air masses rather than subtropical or Tasman Sea sources
(Baisden et al., 2016; Kidston et al., 2009; Renwick and Thompson, 2006; Ummenhofer and England, 2007). The IsoGSM
simulations thereby provide an interpretive framework for measured cellulose 8'%0 values in Empodisma, facilitating
attribution of regionally contrasting site-specific isotope records to SAM-driven changes in Southern Hemisphere

atmospheric circulation.
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Figure 2. IsoGSM-simulated §'®0 anomalies in precipitation for December-February (DJF; top row, panels A-B) and annual means
(bottom row, panels C-D), composited for positive SAM phases (left-hand column) and negative SAM phases (right-hand column). Each
map represents the mean of the five most extreme positive or negative SAM years during 1979-2018. Black dots indicate Empodisma

sampling sites (see Fig. 1). The anomalies are expressed relative to the 1979-2018 climatology.
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3.1.2. Transfer of precipitation isotope signals to peatland waters

To assess how these precipitation isotope gradients are transferred into peatland hydrological systems, we compared
isoscape-modelled and sampled precipitation 380 values with sampled peatland waters across the spatial and temporal
datasets. Site-specific mean isoscape-modelled precipitation 8'%0 values (Table 1) showed a significant correlation with
latitude (r = 0.708, p = 0.006), indicating a pronounced north-south isotopic gradient across the study transect. More
southerly sites are characterised by increasingly 8'30-depleted precipitation, consistent with a greater influence of cooler,
higher-latitude Southern Ocean air masses and southerly to south-westerly moisture pathways, whereas northern sites receive
a greater contribution from relatively 8'80-enriched subtropical and Tasman Sea air masses (Baisden et al., 2016;
Ummenhofer and England, 2007). Superimposed on this latitudinal pattern, altitude effects are also evident, with Erua,
Reporoa, and Crooked Mary Creek exhibiting more depleted 5'%0 values than other sites at comparable latitudes (Table 1).
In 8'80-8D space, peatland waters plot close to the global meteoric water line (GMWL) and broadly preserve the meteoric
structure of regional precipitation in both datasets (Fig. 3), with local meteoric water lines for precipitation and combined
peatland waters closely paralleling the GMWL (spatial slopes: 8.51 and 8.80; temporal slopes: 8.36 and 9.10), indicating
little evaporative modification at the peatland scale.

However, spatial precipitation-to-water transfer is strongest for bog water (r = 0.724, p = 0.005) and weaker for root-
associated water (r = 0.350, p = 0.241), whereas temporal root-associated water tracks measured precipitation strongly

overall (r =0.788, p <0.001) and particularly at MOA (MOA: r=0.910, p <0.001; OTT: r = 0.635, p = 0.027).
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Figure 3. 5'%0-3D relationships for the spatial (A) and temporal (B) datasets. In panel A, monthly isoscape-modelled precipitation values
(n = 156), bog water, and combined peatland waters are shown for the 13 spatial sites. In panel B, measured precipitation from MOA and
OTT, bog water, and combined peatland waters are shown for the temporal dataset. Combined peatland waters comprise root-associated
water and internal root water only; internal shoot water is excluded because it is strongly modified by transpirational enrichment and plots
well off the meteoric water line (Tables S2-S4). The solid black line denotes the global meteoric water line (GMWL). Dashed coloured
lines show fitted local meteoric water lines for precipitation and combined peatland waters, with line colours matching the corresponding
plotted datasets. Bog water is shown separately for context but is not included in the combined peatland-water fit. For consistency with the
final MWL analysis, reported spatial isoscape precipitation statistics are based on site-level annual isoscape values (n = 13), whereas the

monthly isoscape values are plotted in panel A to show the broader climatological distribution.

3.1.3. Root-associated water versus internal root waters

Root-associated water and internal root water show a strong positive relationship across the combined spatial and temporal
datasets (Fig. 4B), indicating close coupling between external peatland water sources and internal plant water pools.
However, internal root water is generally systematically isotopically depleted relative to root-associated water in both §'%0
and oD (Fig. 4A; Table 3). Across the combined dataset, the relationship between root-associated and internal root water was
significant (r = 0.719, p < 0.001, n = 63; Fig. 4B). The mean offset, expressed as root-associated minus internal root water
(Sect. 2.2), was 2.98 %o for 580 and 30.62 %o for 3D (Table 3), indicating that internal root water is generally isotopically
lighter than the associated external water pool. This pattern is consistent with systematic modification of water isotopic
composition during uptake or internal transport within the plant. These data establish a consistent offset between the two
pools but cannot identify the process responsible, which may reflect fractionation during uptake, differential turnover of the
two pools, or incomplete equilibration between them. Spatial root-associated values for TNGS5 and TNG6 were excluded
from these analyses because they showed physically impossible positive 3'%0 values and are interpreted as sampling
artefacts, leaving n = 37 rather than n = 39 for spatial root-associated comparisons. The magnitude of this offset also varies
between species. The mean 3'%0 offset was greater in Empodisma robustum (3.89 %o) than in E. minus (2.46 %o), and a
Welch two-sample t-test on absolute offset magnitude across the combined spatial and temporal datasets indicated a
significant interspecific difference (p = 0.033; Table 3). These results show that root-associated water and internal root water
are closely related but not interchangeable, and that the magnitude of the offset between them differs systematically between
the two Empodisma species. A comparable species contrast is evident in internal shoot water, which is markedly more
enriched at E. robustum sites (site means +3.8 to +23.5 %o) than at E. minus sites (-27 to +11.8 %o; Table S2), consistent with

greater transpirational enrichment in the year-round-growing northern species.
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Combined (n = 63)

Spatial (n =37)

Temporal (n = 26)

oD 30 8D 3"%0 oD 3"*0
Mean 30.62 2.98 28.43 2.80 33.75 3.23
Standard
deviation 15.25 2.07 13.31 1.72 17.45 2.51
Max 78.94 10.43 70.70 7.32 78.94 10.43
Min -2.01 -2.09 2.01 -0.66 9.96 -2.09
Range 76.93 12.52 68.69 7.99 68.97 12.52
E. robustum 37 49 (19.34) 3.89(2.41) 3693(1691) 3.53(2.11) 37.91(21.69) 4.16(2.66)
E. minus 26.68 (10.72)  2.46(1.68) 2528 (10.4)  2.54(1.51) 29.58(11.22) 2.31(2.05)

Table 3. Summary statistics for the isotopic offset between root-associated and internal root waters. The offset is expressed as root-
associated minus internal root water, so positive values indicate that internal root water is isotopically depleted relative to root-associated
water. Values represent mean (standard deviation). Species-specific values are shown for sites dominated by Empodisma robustum and E.
minus. Spatial TNGS5 and TNG6 root-associated values were excluded as artefacts. Combined regression statistics are reported in the main

text and Figure 4.
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Figure 4. (A) §'80-8D biplot comparing root-associated water and internal root water for the combined spatial and temporal datasets. (B)

Relationship between §'30 values of root-associated water and internal root water for both datasets. The solid line indicates the fitted
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linear regression for the combined dataset (r = 0.719, p <0.001, n = 63). Spatial TNGS5 and TNG6 root-associated values were excluded as

artefacts.

3.1.4. Mechanistic model source water comparison

Because cellulose 3'%0 integrates both source-water isotopic composition and temperature- and humidity-dependent
fractionation during evaporative enrichment and biosynthesis, a mechanistic modelling approach is required to identify
source-water controls. This was confirmed by uniformly weak and non-significant Pearson correlations between root
cellulose §'%0 and all six candidate source waters across both datasets, whether assessed at sample level or aggregated to site
means (all r <0.26, all p > 0.11, Table S5). The model (Sect. 2.5) was therefore applied to each of the five candidate source
waters in turn. Although precipitation and root-associated water are external or upstream pools rather than direct source
waters for cellulose synthesis, they are included here to establish a performance baseline and to provide continuity with the
pilot study (Amesbury et al., 2015a), in which root-associated water was the primary source-water candidate.

In the spatial dataset, isoscape precipitation and internal root water alone were the poorest-performing predictive source
waters, with large negative mean offsets (-6.18 %o and -7.52 %o respectively) and fewer than 6 % of samples predicted within
+ 3 %o (Table 4, Fig. 5). Root-associated water performed substantially better (mean offset -4.88 %o, 35.1 % within £ 3 %o, n
= 37), consistent with the finding from Sect. 3.1.2 that this water pool captures a peatland-integrated source-water signal.
Internal shoot water alone produced large positive offsets (+8.70 %o), reflecting the isotopically enriched character of shoot
waters relative to root cellulose (Tables S2-S4).

The most predictive source water in the spatial dataset was the mean of internal root and internal shoot water (for
mechanistic interpretation of this result, see Sect. 4.2), which produced a near-zero mean offset (+0.59 %o) and the highest
proportion of samples within + 3 %o (41.0 %, n = 39, Table 4, Fig. 5). This result directly supports hypothesis H3: that a
combination of internal root and shoot water, rather than any single external or internal water pool, best predicts root
cellulose §'%0.

The temporal dataset showed the same overall pattern. Measured precipitation and root-associated water both produced
systematic negative offsets (-5.39 %o and -4.36 %o, respectively), and internal root water alone was the least predictive source
(mean offset -7.60 %o, only 3.8 % within + 3 %o). Again, the mean of internal root and shoot water achieved the smallest
mean offset (-2.26 %o) and the highest proportion within + 3 %o (34.6 %, n = 26, Table 4, Fig. 5), reinforcing the spatial
finding. Although modest in absolute terms, this represents the best-performing source water in the temporal dataset by a
substantial margin. The somewhat larger mean offset in the temporal dataset may in part reflect greater seasonal variability
in temperature and humidity conditions at the two monitored sites (MOA and OTT), introducing additional scatter in the
evaporative enrichment term.

These findings show that root cellulose §'%0 in Empodisma is best described as deriving from a mixed internal plant-water

source in which both root and shoot water pools contribute to cellulose synthesis.
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Spatial dataset

Temporal dataset

Candidate source water Offset + N within+ % within Offset + Nwithin+ % within
n total n total
SD (%o) 3 %o + 3 %o SD (%o) 3 %o + 3 %o
Isoscape / measured -6.18 =+ -539 %
2 5.1 39 5 20.8 24
precipitation 1.57 2.37
488 + 436 +
Root-associated water 13 35.1 37 5 19.2 26
3.38 2.10
=752  + -7.60
Internal root water 2 5.1 39 1 3.8 26
3.51 +2.72
8.70 + 3.28 +
Internal shoot water 10 25.6 39 7 28.0 25
9.25 7.70
Mean internal root + shoot 0.59 + -2.26 +
16 41.0 39 34.6 26
water 4.78 4.06

Table 4. Mechanistic model performance for root cellulose '%0 based on five candidate source waters in the spatial and temporal

datasets. Values are shown for the combined Spatial and combined temporal (MOA+OTT) subsets only. Mean offset is expressed as

predicted minus measured root cellulose §'%0 (%o), so values closest to zero indicate better model performance.

In the spatial dataset, precipitation refers to isoscape precipitation; in the temporal dataset, it refers to measured precipitation.

The mechanistic model used e» =27 %o and ex = 28.5 %o, with temperature assignment following the species-based Kauri line

rule: MAT for E. robustum and MST for E. minus.

Mean internal root
and shoot water

Internal
shoot water

Internal
root water

Candidate source water

Root-associated
water

Precipitation

A 41.0% B 34.6%
I S L)
25.6% 28.0%
5.1% 3.8%
—_—— —
35.1% 19.2%
. ——
5.1% 20.8%
—e— —e—
-15 -10 -5 0 5 10 15 20 -15 -10 -5 0 5 10 15

Mean offset (predicted - measured cellulose 50 (%o)

20

Mean offset (predicted - measured cellulose 60 (%o)
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Figure 5. Mechanistic model performance for root cellulose 3'%0 based on five candidate source waters in (A) the spatial dataset
and (B) the combined temporal dataset (MOA+OTT). Points show the mean signed offset between model-predicted and measured root
cellulose 8'30 (%o), and horizontal error bars show + 1 SD. The shaded band indicates the + 3 %o performance threshold. Percentages
indicate the proportion of samples with predictions within the + 3 %o of measured values. In the spatial dataset, precipitation refers to
isoscape-modelled precipitation; in the temporal dataset, it refers to measured precipitation. The mean of internal root and internal shoot

water (highlighted) performs best in both datasets, supporting H3.

3.1.5. Two-endmember mixing model

The mechanistic comparison (Sect. 3.1.4) identifies the mean of internal root and shoot water as the best-performing source
water for predicting root cellulose 8'30. To quantify the relative contributions of these two pools, a two-endmember isotope
mixing framework was applied (Eq. (4)-(5); Sect. 2.5). Three complementary model formulations were used: a fixed-ratio
optimisation model as the primary result, a per-sample exact-fit model as a diagnostic supplement, and a zero-mean fixed-
ratio model as a sensitivity check. The fixed-ratio optimisation minimises the mean absolute error (MAE) between predicted
and measured cellulose 5'%0 by identifying a single shared root-water fraction (fa) across a defined group of samples. Unlike
the per-sample exact-fit approach, this formulation provides a single interpretable parameter that characterises the average

source-water partitioning of a population and is therefore preferred for cross-group comparisons.

3.1.5.1. Spatial dataset — global optimum

Across all spatial samples, the MAE-minimising fixed-ratio optimisation yields a global optimal fa of 0.627 (fs = 0.373, n =
39; Table 5, Fig. 6), indicating that root cellulose 830 is, on average, most consistent with a root-water-dominated internal
source. At this optimum, the mean offset between predicted and measured cellulose 830 is -1.46 %o (SD = 3.90 %o), and

43.6 % of samples are predicted within = 3 %eo.

3.1.5.2. Species-specific partitioning

When the spatial dataset is subdivided by species, pronounced differences in optimal fa emerge (Fig. 6). E. robustum sites
exhibit a substantially higher root-water contribution (fa = 0.770, 75.0 % within &+ 3 %o, n = 12), whereas E. minus sites show
a more even partitioning, leaning towards shoot water (fa = 0.414, 66.7 % within + 3 %o, n = 27). A Welch two-sample t-test
on per-sample exact-fit fa values confirms that this species difference is significant (E. robustum: mean = 0.751, SD = 0.087,
n=10; E. minus: mean = 0.421, SD = 0.186, n = 21; t = 6.73, df = 29, p < 0.001), a result corroborated by a non-parametric
Mann-Whitney test (U = 196, p < 0.001). This species difference is consistent with the greater mean fractionation between
root-associated and internal root water observed for E. robustum (3.89 %o) relative to E. minus (2.46 %o) reported in Sect.
3.1.3, and may reflect physiological differences between the two species in patterns of water uptake, internal transport, and

tissue allocation.
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3.1.5.3. Latitudinal gradient in source-water partitioning

Site-level optimal fa also shows a positive latitudinal trend when sites are ordered from south to north (Fig. 6), with more
northerly sites, all dominated by E. robustum, consistently returning higher root-water fractions (range 0.644-0.875) than
most southern E. minus sites (range 0.000-0.743). A Pearson correlation between latitude and site-level MAE-optimal fa
yields r = 0.517 (p = 0.070, n = 13), which is marginally non-significant but directionally consistent with the species-driven
pattern. Given the collinearity between species identity and latitude in this dataset, these two sources of variation cannot be
fully separated. Nevertheless, the directional consistency of the site-level latitudinal pattern with the formally confirmed

species difference (Sect. 3.1.5.2) lends additional coherence to this finding.

3.1.5.4. Temporal dataset — seasonal partitioning

In the temporal dataset, fixed-ratio optimisation reveals strong intra-annual variability in source-water partitioning at the
combined site level. During the November-March (NovMar) period, the optimal fa is 0.700, closely matching the E.
robustum-dominated spatial result, whereas during the April-October (AprOct) period fa falls to 0.086, indicating an
overwhelming shift towards shoot-water dominance (Table 5). This pronounced seasonal contrast is primarily driven by
Moanatuatua (MOA); because Otautau (OTT) exhibits comparatively stable partitioning across seasons (OTT NovMar fa =
0.385, OTT AprOct fa = 0.382), the combined temporal optima converge on the MOA site-specific values (MOA NovMar fa
=0.700, MOA AprOct fa = 0.086).

3.1.5.5. Per-sample exact-fit model (diagnostic)

The per-sample exact-fit model yielded viable solutions for 31 of 39 spatial samples and 14 of 25 temporal samples (spatial
mean fa = 0.527, SD 0.224; temporal mean fa = 0.465, SD 0.215), broadly consistent with but somewhat lower than the
primary fixed-ratio optimum (fa = 0.627); the difference reflects the exclusion of eight non-viable samples from the per-
sample mean, together with the different optimisation objectives of the two formulations. Non-viable samples are
concentrated in the AprOct period, when internal root and shoot waters converge isotopically during the non-growing
season, as shown by the reduced enrichment of internal shoot water in AprOct at both temporal sites (Table S3); when the
two endmembers are isotopically similar, exact-fit solutions fall outside the physically meaningful [0,1] range, reflecting
narrow endmember spacing rather than model failure. A zero-mean fixed ratio sensitivity check closely parallels the MAE

optima and confirms that the species contrast is robust to optimisation criterion (Table S6).
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fa I Mean offset n within % within n

Group SD (%o)
(MAE) (MAE) (%o) %+ 3 %o +3 %o total

Spatial global
All spatial samples 0.627 0.373 -1.46 3.90 17 43.6 39
Spatial by species
E. robustum 0.770 0.230 -1.08 2.54 9 75.0 12
E. minus 0.414 0.586 -0.45 3.12 18 66.7 27
Temporal, combined seasonal
NovMar (combined) 0.700 0.300 -2.85 3.10 41.7 12
AprOct (combined) 0.086 0914 -1.59 432 4 30.8 13
Temporal, site and season
MOA NovMar 0.700 0.300 -1.60 3.44 4 66.7 6
MOA AprOct 0.086 0914 -2.01 2.61 4 57.1 7
OTT NovMar 0.385 0.615 -0.50 3.54 3 50.0 6
OTT AprOct 0.382 0.618 -3.10 3.80 1 16.7 6

Table 5. Fixed-ratio two-endmember mixing model results based on mean absolute error (MAE) optimisation. Values are shown for

the spatial global dataset, spatial species groups, combined temporal season groups, and temporal site x season subsets. fa represents

the optimal fraction of internal root water and fgs= 1 - fa the corresponding fraction of internal shoot water. Mean offset is expressed as

predicted minus measured cellulose 8180 (%.). Lower absolute mean offsets and higher percentages within + 3 %o indicate better model

performance.
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Figure 6. Site-level optimal root-water fraction (fi) from the MAE-minimising fixed-ratio mixing model plotted against latitude.
Points are coloured by species: E. robustum and E. minus, site codes labelled. The dashed line shows the overall linear trend, the solid
horizontal line marks fa = 0.5, and the solid vertical line marks the Kauri line (~38° S). Sites BOR and DML return f) = 0; interpretation of
this result is discussed in Sect. 4.2. The positive latitudinal relationship (r = 0.517, p = 0.070) is driven largely by the species contrast, with

E. robustum sites returning consistently higher root-water fractions than E. minus sites.

Overall, this indicates that root cellulose 880 in Empodisma integrates a mixed plant-water signal in which internal root
water is, on average, the dominant but not exclusive contributor. The magnitude of root-water dominance varies
systematically with species identity, and to a lesser degree with season, providing a basis for interpreting the sources of §'20

variability in downcore records from sites dominated by either species.

3.2. Carbon isotopes
3.2.1 Spatial patterns in cellulose 8'*C

All analyses use a combined carbon dataset comprising previously published measurements (Amesbury et al., 2015b) and
new data generated in this study, excluding Erua (ERU) and Crooked Mary Creek (CMC) on the basis of suspected
groundwater influence on peatland waters at those sites (n = 12 for site-mean analyses; n = 69 samples for sample-level
analyses).

Site-mean root cellulose 8'*C values become progressively less negative towards higher southern latitudes, yielding a

significant positive latitudinal trend (R? = 0.33; Fig. 7). This gradient is evident across both northern and southern site
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groupings and persists when within-site variability is accounted for using standard errors derived from replicate
measurements.

A distinct inflection in the latitudinal distribution occurs close to ~38° S, coincident with the Kauri line (Fig. 7). Sites north
of this boundary tend to exhibit more negative 5'*C values (more isotopically depleted cellulose), whereas sites to the south
show comparatively enriched values, although substantial within-region variability remains. This biogeographic boundary
also marks the transition between Empodisma robustum to the north and E. minus to the south (Wagstaff and Clarkson,
2012). A species effect on 8'3C is apparent in the data: mean site-level root cellulose 8"3C is -26.56 %o for E. robustum sites
and -25.72 %o for E. minus sites, a difference that is statistically significant (Welch t-test: t = -2.92, p = 0.016; Table 6).
Shoot cellulose shows a similar and somewhat stronger species contrast (-25.65 %o versus -24.30 %o; t = -4.25, p = 0.003).
Species identity, latitude and growing-season length are mutually collinear in this dataset — E. robustum sites in the north
grow year-round whereas E. minus sites in the south have a shorter, summer-restricted growing season (Sect. 2.5) — so these
two sources of variation cannot be fully separated, and the species contrast likely reflects in part the underlying climatic
gradient along the transect. These spatial trends indicate that cellulose 8'*C integrates broad-scale environmental gradients,

motivating further examination of specific climatic drivers.
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Figure 7. Latitudinal variation in mean root cellulose 8'>C across the Aotearoa New Zealand peatland transect. Points show site
means with error bars representing +1 standard error. Site labels correspond to peatland locations. The solid vertical line marks the
approximate position of the Kauri line (~38° S), separating the northern distribution of Empodisma robustum from the southern

distribution of E. minus. The dashed line shows the fitted linear regression (R?= 0.33) across all sites.
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E. robustum mean E. minus

Tissue Welcht p df
+ SD (n) mean £ SD (n)

Root cellulose -26.56 £0.36 (4) -25.72 £0.63 (8) -2.92 0.016 9.53

Shoot cellulose -25.65+0.48 (4) -24.30£0.59 (8) -4.25 0.003 7.40

Table 6. Species comparison of site-mean cellulose 3'3C values (%o VPDB) using Welch two-sample t-tests. Values are means = SD.

Groundwater-influenced sites ERU and CMC were excluded.

3.2.2. Root versus shoot 6°C

Root and shoot cellulose 3!°C values are strongly positively correlated across sites (Fig. 8), indicating that both tissues record
a broadly coherent isotopic signal. A linear regression of site-mean shoot 8'*C yields R?> = 0.68 (p < 0.001, n = 12).
However, shoot cellulose is systematically enriched relative to root cellulose across all sites, with a mean offset of +1.25 %o
(shoot minus root; paired t-test: t =9.01, p < 0.001, n = 12). All paired measurements plot above the 1:1 line, confirming this
enrichment is consistent and not driven by a small number of sites.

The strength of the root-shoot relationship demonstrates that variation in §'3C is shared between tissues, supporting the use
of root cellulose as a reliable archive of site-level carbon isotope signals. The systematic shoot enrichment is noted here as

an empirical observation, and its physiological basis is considered further in the Discussion.
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Figure 8. Relationship between site-mean root and shoot cellulose '*C for 12 Aotearoa New Zealand peatland sites. Points are
coloured by species and labelled by site code. The solid line shows the 1:1 relationship and the dashed line the fitted regression. Root and

shoot 8'3C are strongly positively correlated (R? = 0.68, p < 0.001), but shoot cellulose is consistently enriched relative to root cellulose by

a mean of +1.25%o.
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3.2.3. Cellulose $*C and temperature and energy variables

Correlation statistics between site-mean cellulose 3'°C and climate variables are summarised in Table 7. Strong and
consistent negative relationships are observed between cellulose 8'3C and variables describing thermal regime and energy
availability (Fig. 9). For both roots and shoots, 5'*C becomes progressively more negative with increasing MAT and MST,
indicating isotopically depleted cellulose at warmer, more energy-rich sites. These relationships are significant for both
tissue types (root vs MAT: r = -0.613, p = 0.034; root vs MST: r = -0.628, p = 0.029; shoot vs MAT: r = -0.852, p < 0.001;
shoot vs MST: r = -0.820, p = 0.001; all n = 12), and are stronger for shoot than root cellulose, though the direction is
consistent.

Photosynthetically active radiation (PARo) and growing degree days above 0°C (GDDo) show negative trends in the same
direction, with more negative 8'*C at higher-energy sites, although these relationships are weaker and do not reach
conventional significance thresholds for root cellulose (root vs PARo: r = -0.433, p = 0.160; root vs GDDo: r = -0.471, p =
0.122). For shoots, PARo approaches significance (r =-0.575, p = 0.050). The consistency of direction across all four energy-
related variables strengthens the overall inference that thermal and energy regime exerts a first-order control on cellulose
carbon isotopic composition across the Aotearoa New Zealand peatland transect.

The negative direction of these relationships is consistent with the carbon isotope discrimination framework (Farquhar et al.,
1989), now confirmed with greater statistical power and spatial extent across 12 sites spanning more than 11° of latitude. A
supplementary analysis restricted to the newly sampled sites (n=11, i.e. groundwater-influenced ERU and CMC are excluded
throughout, and KAI was not resampled in this study) confirms the robustness of the temperature signal for shoot cellulose (r
= -0.843, p = 0.001) and yields a directionally consistent but marginally non-significant result for roots (r = -0.586, p =
0.058), attributable to reduced statistical power, as KAI was not resampled in this study and so does not contribute to the
temperature correlations. In contrast, all relationships between §'°C and moisture variables are weak and non-significant for
both tissues (Table 7; Fig. 10; all p > 0.10), confirming that carbon isotope discrimination is governed primarily by thermal

regime rather than water deficit across the range of conditions sampled (Amesbury et al., 2015b).

27



https://doi.org/10.5194/egusphere-2026-4962
Preprint. Discussion started: 25 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Climate variable Root cellulose Shoot cellulose

r p n r p n
Mean annual temperature (MAT) -0.613* 0.034 12 -0.852** <0.001 12
Mean summer temperature (MST) -0.628* 0.029 12 -0.820** 0.001 12
PARo -0.433 0.160 12 -0.575 0.050 12
GDDo -0.471 0.122 12 -0.484 0.111 12
Mean annual precipitation (MAP) 0.039 0.903 12 -0.102 0.752 12
Mean summer precipitation (MSP) 0.051 0.874 12 -0.054 0.869 12
Relative humidity (RH) -0.183 0.570 12 -0.485 0.110 12
Moisture index (MI) 0.408 0.188 12 0.178 0.581 12
Soil moisture 0.345 0.272 12 0.256 0.422 12

695
Table 7. Pearson correlations between site-mean cellulose 8'°C and climate variables across 12 Aotearoa New Zealand peatland
sites. Values shown are Pearson’s r, p, and n. Bold values indicate statistically significant Pearson correlation coefficients; * p < 0.05, ** p

< 0.01. Groundwater-influenced sites ERU and CMC were excluded.
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Figure 9. Relationships between site-mean cellulose 6'*C and temperature/energy variables across 12 Aotearoa New Zealand

peatland sites. Panels show (A) mean annual temperature (MAT), (B) mean summer temperatures (MST), (C) cumulative

photosynthetically active radiation during the growing seasons (PARy), and (D) growing degree days above 0°C (GDDy). Points and fitted

lines are shown separately for root and shoot cellulose. For both tissues, 8'*C becomes more negative with increasing temperature and

energy availability, with the strongest relationships for MAT and MST.
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Figure 10. Relationships between site-mean cellulose 8'*C and moisture variables across 12 Aotearoa New Zealand peatland sites.

Panels show (A) mean annual precipitation (MAP), (B) mean summer precipitation (MSP), (C) moisture index (MI), and (D) modelled soil

moisture. Points and fitted lines are shown separately for root and shoot cellulose. In contrast to the temperature/energy variables,

relationships with moisture metrics are weak and non-significant for both tissues.

3.2.4. 8"3C and water table depth

Although site-mean moisture indices show no significant relationship with cellulose §'3C, sample-level analysis reveals a

modest but statistically significant association between root cellulose §'*C and water table depth (WTD) (Fig. 11). Root

cellulose 8'3C becomes progressively more negative under drier microhabitat conditions (i.e. at greater WTD) with a linear

regression explaining 27 % of the among-sample variance (R* = 0.272, slope = -0.021 %o cm™’, p < 0.001, n = 69). A weaker

but still significant relationship is observed for shoot cellulose (R? = 0.119, slope = -0.016 %o cm™!, p = 0.004, n = 69).

This relationship runs opposite to the enrichment expected from stomatal closure under water deficit, and is consistent with

the earlier finding that Empodisma is not water-stressed under normal conditions (Amesbury et al., 2015b). In the pilot
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dataset the equivalent relationship could not be separated from the influence of MOA and TNG, where drainage of
surrounding agricultural land has lowered water tables, because their removal left too narrow a range of water-table depths to
test (Amesbury et al., 2015b). The addition of REP, an unmodified site with among the deepest water tables in the dataset,
now allows that test: across sites other than MOA and TNG the sampled range remains close to that of the full dataset, and
the relationship persists with a similar slope (R* = 0.120, slope = -0.016 %o cm™', p = 0.013, n = 51). Nor is it an expression
of the latitudinal gradient: partitioning the variance shows the relationship is stronger within sites (R* = 0.123, p = 0.003)
than between site means (R? = 0.255, p = 0.094). Possible mechanisms include greater assimilation of '*C-depleted respired
COz within a thicker aerated peat profile, or relief of the constraints imposed on cluster-root function by waterlogging, but
these data do not distinguish between them. The effect is modest relative to the temperature and energy controls identified at
the site scale, and substantial scatter remains within individual sites. The WTD effect therefore represents a secondary,

within-site source of §'°C variability rather than a primary driver of the larger-scale spatial gradient.
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Figure 11. Relationship between sample-level root cellulose 3'3C and water table depth (WTD) for the combined carbon dataset,
including previously published data and new measurements from this study. Points therefore represent individual samples from 12 sites
after exclusion of Erua (ERU) and Crooked Mary Creek (CMC). The dashed line shows the fitted linear regression. Root cellulose §'3C
becomes more negative at greater WTD, with the regression explaining 27 % of the among-sample variance (R? = 0.272, slope = -0.021 %o

cm!, p<0.001, n = 69).
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3.3. Pilot palaeo-application
3.3.1. Downcore isotope stratigraphy

Root cellulose 830 and 8'*C records are presented for Tangonge (TNG, North Island, ~ 35° S, E. robustum) and Otautau
(OTT; South Island, ~46° S, E. minus) from approximately 1900 CE to the present day (Fig. 12). The TNG record comprises
contiguous 1-cm sampling to 31 cm depth, and OTT comprises contiguous 1-cm sampling to 41 cm depth, followed by non-
contiguous 1-cm sampling thereafter. Chronological control is provided by combined 2!°Pb and *C Bayesian age-depth
models (Sect. 2.6, Fig. S1), with mean per-sample age uncertainty of approximately + 6 years at TNG and + 5 years at OTT.
Individual sample age ranges are small and fairly uniform throughout both records, reflecting good chronological constraint
in the near-surface peat.

At TNG, root cellulose 8'30 values range from 30.84 to 34.79 %o across the record, with a pre-1970 mean of 32.58 %o
increasing to a post-1970 mean of 33.29 %o (Fig. 12A). Loess smoothing shows a broadly stable or slightly declining
trajectory from approximately 1900 to 1960, followed by a trend towards more enriched values through the latter half of the
20" century, with particularly enriched values in the most recent decade (33.5-34.8 %o). Measured root cellulose §'*C at
TNG ranges from -29.01 to -26.93 %o (Fig. 12C). Here, loess smoothing shows values centred around -28 %o through most of
the first three quarters of the record, with the most depleted measured value in the record (-29.01 %o) occurring around 1973
CE (= 2.4 years) before a general trend towards less negative values in recent decades, with the most recent samples
spanning -28.24 to -27.04 %o. The measured pre-1970 mean of -28.05 %o compares to a post-1970 mean of -27.84 %o, an
apparent enrichment of only +0.21 %o. Both means are depressed by the industrial-period decline in atmospheric §'3C-COx;
after correction for the Suess effect the same comparison gives -27.73 %o and -26.45 %o, an enrichment of +1.28 %o (Fig.
12C).

At OTT, root cellulose 8'30 values range from 28.58 to 34.92 %o and are systematically lower than at TNG for much of the
early record, consistent with the more depleted isoscape precipitation at this high-latitude South Island site (Fig. 12B; Table
1). Loess smoothing reveals a pronounced trend: values are relatively stable and low through the early-to-mid 20th century
(pre-1970 mean 30.66 %o) before rising substantially, with post-1970 values averaging 32.00 %o and the most recent samples
reaching 33.97-34.92 %o; an enrichment of approximately 3-4 %o between the early record and the present. Measured root
cellulose 8'°C at OTT ranges from -26.99 to -24.93 %o, systematically less negative than TNG throughout the record,
consistent with the E. minus species baseline established in the surface calibration (Fig. 12D; Sect. 3.2.1). Loess smoothing
of the measured values shows relatively stable values around -25.5 to -26 %o through most of the 20th century, with no
strong depletion excursion in the 1970s and a slight net depletion of -0.15 %o between the pre- and post-1970 means. This
apparent stability is an expression of the atmospheric trend rather than of the plant signal: after Suess correction the record
enriches from -25.29 %o to -24.44 %o across the same boundary, an increase of +0.85 %o (Fig. 12D), in the same direction as

TNG.
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Figure 12. Down-core root cellulose 3'*0 and 8'3C records from Tangonge (TNG, North Island, ~35° S, Empodisma robustum; panels
A and C) and Otautau (OTT, South Island, ~46° S, E. minus, panels B and D) spanning 1900 CE to the present day, plotted against (E)

annual and (F) summer (DJF) mean SAM index series. Panels C and D show downcore 8'3C as measured (grey) and after correction for
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the atmospheric Suess effect (black), following Graven et al. (2017). The correction removes the industrial-period decline in atmospheric
313C-CO; and is required for comparison of pre- and post-industrial values; measured values are retained to show the magnitude of the
adjustment. Blue lines are loess smoothers (span = 0.75) with grey shaded 95 % confidence envelopes; in panels C and D the smoother is
fitted to the corrected series and the grey dashed line to the measured series. The vertical dotted line marks the start of the instrumental
SAM index in 1957. Within each row, both panels share a common y-axis range so that the amplitude of variability is directly comparable

between the two sites.

3.3.2. Comparison with the SAM index

The SAM index (Marshall, 2003) shows a well-documented positive trend over the instrumental period (Fig. 12E-F), with
values transitioning from near-neutral or weakly negative in the mid-20th century to persistently positive from
approximately the 1970s-1980s onwards. This trend is more pronounced in the DJF seasonal mean (Fig. 12F) than in the
annual mean (Fig. 12E), consistent with the strong austral summer expression of SAM-related climate variability over
Aotearoa New Zealand (Kidston et al., 2009).

As established in Sect. 3.1.1, the isotopic expression of SAM variability over Aotearoa New Zealand is determined primarily
by its effect on moisture source provenance rather than a simple latitudinal shift of the westerly wind belt. The IsoGSM
composites (Fig. 2) confirm that SAM-related isotopic contrasts are strongest over the North Island during DJF, with weaker
and more spatially variable anomalies over the far south of the South Island, making TNG, a priori, the more sensitive SAM
8'%0 recorder of the two sites. This expectation applies primarily to the summer precipitation signal; annual downcore
cellulose 830 may integrate a broader seasonal window and additional site-specific plant-water effects, potentially allowing
OTT to show a larger annual-amplitude response despite weaker DJF sensitivity.

For the carbon isotope records, the surface calibration predicts that positive SAM should drive 8'3C towards more negative
(depleted) values at both sites, via the associated warmer and more settled summer conditions promoting greater stomatal
conductance and enhanced carbon isotope discrimination (Sect. 3.2.3; Farquhar et al., 1989).

080 records: Both sites show enrichment in §'80 over the 20th century, most clearly from approximately 1960-1970
onwards. At OTT the enrichment is substantially larger in magnitude (3-4 %o) than at TNG (0.7 %o comparing pre- and post-
1970 means). This enrichment trend is not straightforwardly consistent with the moisture-source framework established in
Sect. 3.1.1, which would predict depleted, not enriched, §'®0 under a positive SAM trend at both sites. The directionality is
therefore ambiguous with respect to SAM attribution. However, three factors are relevant. First, coupled enrichment in both
8'3C and §'%0 over the industrial period is the direction that would be expected from rising atmospheric CO2 concentration:
reduced stomatal conductance at a given assimilation rate increases intrinsic water-use efficiency, which reduces
discrimination against '*C and is expected to influence cellulose §'*0 through its effect on leaf water enrichment, although
the magnitude of that effect is not constrained by our data. This temporal mechanism is not in conflict with the absence of
spatial moisture signal in the modern calibration (Sect. 3.2.3): the spatial result shows that Empodisma §'3C does not track

site water availability, whereas the industrial-period trend reflects a change in atmospheric CO2 acting on stomatal
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conductance independently of local water status. Second, the 1976-1977 Interdecadal Pacific Oscillation (IPO) phase shift
was associated with well-documented changes in Aotearoa New Zealand circulation and precipitation, and with broader
regional temperature changes (Salinger et al., 2001) that are not separable from the SAM trend at this record length, and the
IPO's isotopic expression in Aotearoa New Zealand precipitation is less well characterised than that of the SAM. Third, the
OTT 3'80 enrichment trend may also reflect broader late-20th century warming of Aotearoa New Zealand and surrounding
oceanic conditions, potentially affecting the isotopic composition of moisture reaching both sites regardless of trajectory.
The greater magnitude of enrichment at OTT relative to TNG is of interest. The IsoGSM annual composites (Fig. 2C-D) do
indicate a stronger isotopic response to SAM phase changes at OTT’S latitude on an annual basis than in DJF alone, but that
modelled response is towards depletion under positive SAM, whereas the observed trend is towards enrichment; the
magnitude of the OTT signal therefore cannot be attributed to SAM sensitivity. A more direct explanation follows from the
mixing model. OTT lies in inland western Southland, near the southern coast of the South Island, and is dominated by E.
minus, which has a low root-water fraction (fa = 0.414 for the species group, against 0.770 for E. robustum), so its cellulose
3'%0 is weighted towards internal shoot water, the pool most susceptible to evaporative enrichment. TNG, dominated by E.
robustum, is more directly coupled to source water. The four- to five-fold difference in 3'*0 amplitude between the two sites
therefore tracks the species-dependent source-water partitioning established in Sect. 3.2.2, and cannot be produced by a
spatially uniform forcing.

813C records: The TNG 8'*C record is characterised by substantial high-frequency variability superimposed on a modest
multi-decadal trend. In the measured record the most recent decade of samples (2009-2016) spans -28.24 %o to -27.04 %o
against a record median of -27.92 %o, and the post-1970 mean (-27.84 %o) is only slightly less negative than the pre-1970
mean (-28.05 %o). This apparent stability is misleading. Once the atmospheric Suess effect is removed (Fig. 12C), the record
enriches by +1.28 %o across the same boundary and the five most recent samples sit between the 60" and 97" percentile of
the corrected series, which is opposite in direction to the warming-driven depletion predicted by the site-scale temperature
calibration. At OTT, the measured §'*C record shows no clear directional trend over the 20" century, with values fluctuating
around -25.5 to -26 %o throughout and a slight net depletion of -0.15 %o across the 1970 boundary. As at TNG, this is an
artefact of the atmospheric trend: after Suess correction the record enriches by +0.85 %o (Fig. 12D). Both sites therefore
enrich over the industrial period, opposite in direction to the depletion that warming-driven discrimination would predict,
and the absence of a resolvable temperature signal cannot be attributed to the weaker southern temperature gradient or to

WTD change (Sect. 3.2.4) alone.

3.3.3. Interpretation relative to the modern calibration framework

The pilot palaeo-application provides partial support for hypothesis H4, but with important caveats that reflect both the
complexity of the Aotearoa New Zealand climate system and the inherent limitations of a 120-year record.
The most consistent signal is the coherent 20th-century enrichment in §'*0 at both sites, particularly the pronounced and

well-resolved trend at OTT. That both proxies shift in the same direction at both sites, monotonically and over the industrial
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period, points to a driver acting uniformly across the region — most plausibly the industrial-period rise in atmospheric CO2 —
rather than to SAM-related circulation change, whose isotopic expression differs between the two sites and would predict
depletion rather than enrichment. The markedly larger $'30 amplitude at OTT than at TNG is nonetheless consistent with the
species-dependent source-water partitioning established in Sect. 3.2.2, indicating that the calibrated plant-water pathway is
expressed in the downcore records even where the climatic driver is not resolved.

The 3'3C records exhibit coherent behaviour after correction for the atmospheric Suess effect. Both sites enrich between the
pre- and post-1970 periods, by +1.28 %o at TNG and +0.85 %o at OTT, and in measured records this signal is masked, and at
OTT slightly reversed, by the industrial-period decline in atmospheric §!*C-COa. The direction of change at both sites is
opposite to the depletion predicted by the temperature calibration and matches the direction of the 3'0 records, consistent
with a single driver acting on both proxies at both sites. High-frequency variability remains substantial at both sites, and at
TNG exceeds the multi-decadal signal in the measured record.

Overall, the results show that the Empodisma cellulose isotope system records coherent, well-dated, multi-decadal signals in
both proxies at both sites, and that the relative amplitude of the 3'®0 signals follows the species-dependent partitioning
established in Sect. 3.1 and 3.2. The direction of change in both proxies is not, however, what the SAM framework predicts,
and over an interval dominated by rising atmospheric CO:z the climatic component cannot be isolated. The records are
presented here as an initial test of whether archived cellulose yields reproducible isotope signals over the instrumental
period, providing a foundation for extending these records through the full Holocene. A definitive test of H4, and
quantitative SAM attribution, will require longer records, multi-proxy comparison, and climate model-based attribution to

separate SAM, IPO, and greenhouse warming contributions over the 20th century.

4. Discussion
4.1. The oxygen isotope pathway from precipitation to cellulose in Empodisma peatlands

The results presented here confirm and substantially extend the isotopic pathway framework established in the earlier study
(Amesbury et al., 2015a). Precipitation 3'80 varies predictably along the Aotearoa New Zealand latitudinal transect,
controlled primarily by moisture source provenance; the alternation between subtropical and sub-Antarctic air masses
modulated by the SAM and ENSO (Baisden et al., 2016; Ummenhofer and England, 2007), and this gradient is broadly
preserved in peatland waters. The close alignment of all measured peatland water pools with the global meteoric water line
confirms that evaporative modification at the peatland scale is minimal across all 13 sites, extending the spatial scope of this
finding well beyond the six-site pilot dataset.

The principal advance on Amesbury et al. (2015a) in the present study comes from cryogenic vacuum distillation of internal
plant waters, which were not available in the earlier study. These data reveal a systematic and species-dependent offset
between root-associated and internal root water (mean 8'%0 offset 2.98 %o; E. robustum 3.89 %o vs E. minus 2.46 %o, p =

0.033), confirming hypothesis H2. The strong positive relationship between root-associated and internal root water (r =
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0.719, p < 0.001, n = 63) demonstrates that they are closely coupled, but the systematic offset makes clear that root-
associated water, which was used as a proxy for functional source water in the pilot study, does not directly represent the
water pool incorporated into cellulose. The fractionation between these pools is consistent with isotopic modification
between external and internal plant-water pools, likely involving internal transport and related fractionation processes within
the plant, although the precise mechanisms remain less well characterised for peatland restiads specifically.

The finding that spatial precipitation-to-water transfer is weaker for root-associated water (r = 0.35, ns) than for bog water (r
=0.72, p = 0.005), while the temporal relationship is strong (r = 0.79, p < 0.001), reflects the different timescales of isotopic
integration in these water pools. Bog water likely integrates precipitation over extended periods and tracks isoscape
precipitation well spatially, whereas root-associated water integrates over shorter timescales: its weaker spatial relationship
reflects local hydrological and storm-path variability not captured by the isoscape. The temporal dataset, sampling monthly
within a single year, resolves the event-scale dynamics the spatial isoscape averages over, explaining the stronger temporal
relationship. This is consistent with evidence that local hydrology and short-term evaporative conditions modify

precipitation signals transfer into peatland waters and cellulose (Jones et al., 2019; Loader et al., 2016).

4.2. Internal plant water dynamics as the key filter on cellulose 5'*0

The uniform absence of significant correlations between root cellulose 3'%0 and any candidate source water (r < 0.26 for all
pools at all levels of aggregation), as also previously noted (Amesbury et al., 2015a), confirms that simple linear
relationships cannot identify source-water controls. This is expected from first principles: cellulose 880 integrates source-
water composition and temperature- and humidity-dependent fractionation during evaporative enrichment and biosynthesis
(Barbour, 2007; Roden et al., 2000), making mechanistic modelling a prerequisite for meaningful interpretation rather than
an optional refinement.

The mechanistic model comparison directly tests hypothesis H3. The unweighted mean of internal root and shoot water 530
is the best-performing source in both spatial (mean offset +0.59 %o, 41.0 % within + 3 %o) and temporal (mean offset -2.26
%0, 34.6 % within + 3 %o) datasets, substantially outperforming every water pool tested in isolation. This finding indicates
that cellulose synthesis in Empodisma draws on water from both root and shoot tissues rather than from a single source-
water pool. The physical interpretation is that sucrose, the immediate precursor of cellulose synthesis, is mobilised from both
root and shoot tissues, consistent with the known bidirectional phloem transport architecture of vascular plants. We note that
the mixing model treats the two internal pools as static endmembers, and that these data cannot constrain their relative
turnover times. If root and shoot water are replaced at different rates, the effective contribution of each to the sucrose pool
will be weighted towards the more rapidly turned-over pool, and the fitted fa should be read as an integrated contribution
over the period of cellulose synthesis rather than as an instantaneous volumetric ratio. Although mixed internal water sources
have not previously been demonstrated for peatland vascular plants, species- and tissue-related offsets in peatland cellulose

8'80 are well documented, including consistently higher §'%0 values in vascular plants than in Sphagnum despite a shared
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peat-water source, consistent with the influence of plant functional type and transpiration on cellulose formation (Jones et al.,
2019; Sakurai et al., 2021).

The two-endmember mixing model quantifies this mixed contribution. This species difference is consistent with the larger
fractionation between root-associated and internal root water observed for E. robustum (Sect. 3.1.3) and may reflect
differences between the species in root activity, water uptake depth, or shoot canopy architecture. Empodisma robustum-
dominated peatlands experience year-round growing conditions that support photosynthesis throughout the year (Campbell
et al., 2014), whereas E. minus, occupying higher latitudes, likely has a more seasonally constrained growing period; these
phenological differences may translate to differences in the relative metabolic activity of root versus shoot tissues during the
period of cellulose synthesis and thus in the relative contribution of each tissue's internal water to the sucrose pool.

The pronounced seasonal shift in source-water partitioning at Moanatuatua (MOA: NovMar fa = 0.700, AprOct fa = 0.086)
is a genuinely novel result for which a mechanistic explanation remains tentative. During the April-October period at this
North Island site, the fixed-ratio optimum collapses to near-zero root-water contribution. One plausible mechanism is that
during the cooler season, root metabolic activity decreases while shoot tissues continue some carbohydrate mobilisation,
shifting the effective sucrose pool towards shoot-water isotopic composition. An alternative is that cooler soil temperatures
during AprOct reduce root-water uptake fluxes, leaving shoot-derived water as the dominant contributor to internal phloem
transport. The contrasting stability of the OTT seasonal result (fa = 0.385 and 0.382 in Nov-Mar and Apr-Oct respectively) is
consistent with the smaller seasonal amplitude in growing conditions at this southern, maritime site. These seasonal patterns
warrant further investigation with controlled experimental work.

The sites BOR and DML present a specific interpretive challenge: their fixed-ratio optima are effectively zero (fa = 0), yet
even pure shoot water under-predicts measured cellulose 5'%0, leaving negative mean offsets of -1.21 %o and -3.12 %o
respectively. Two explanations merit consideration. First, internal shoot water at both sites is anomalously depleted (values
close to 0 %o or negative), which may reflect genuine physiological characteristics or a sampling artefact from the cold, high-
rainfall conditions at these southerly sites. Second, at temperatures well below 20°C, the biochemical fractionation factor &
may be larger than the 27 %o applied uniformly here: Sternberg and Ellsworth (2011) demonstrated experimentally that &b
increases below 20°C, with values up to 31 %o at colder temperatures, and BOR (MAT 9.5°C) and DML (MAT 12.4°C) are
among the coldest sites in the transect. Applying a temperature-corrected e» at these sites would shift predicted cellulose
values upward, potentially resolving the offset. Future work should explicitly test the temperature dependence of €, across

comparable temperature gradients.

4.3. Temperature as the primary control on Empodisma cellulose °C

Hypothesis H1 is confirmed for carbon isotopes: the negative relationship between §'3C and temperature is replicated with
substantially greater statistical power and spatial extent than the earlier study (Amesbury et al., 2015b). The combined
carbon dataset, comprising previously published data and new measurements from the current study (n = 12 sites, spanning

>11° latitude), yields root vs MAT r =-0.613 (p = 0.034) and shoot vs MAT r = -0.852 (p < 0.001), directionally consistent
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with and extending the original six-site findings. The direction of the relationship, more negative 3'°C at warmer sites, is
consistent with the Farquhar et al. (1989) framework for C3 plant carbon isotope discrimination: warmer conditions are
interpreted to favour greater effective discrimination against '3CO> during photosynthesis, likely through higher stomatal
conductance and/or photosynthetic rates, producing more depleted cellulose. Under this framework, Empodisma 8'*C in
Aotearoa New Zealand peatlands provides a proxy for temperature and growing-season energy availability rather than for
precipitation or water balance.

This temperature signal represents a notable contrast with the widely studied Sphagnum-dominated peatland systems, where
813C in cellulose is typically linked primarily to water table depth and surface wetness rather than temperature (Loader et al.,
2016; Loisel et al., 2009). The mechanistic basis for this contrast is well-grounded: Sphagnum mosses lack stomata and
regulate water loss primarily through capillary evaporation from the capitulum, so their carbon discrimination responds to
surface wetness via photosynthetic rate and COz supply (Loader et al., 2016). Empodisma, a vascular plant with stomatal
control and high water-use efficiency, operates in a fundamentally different ecophysiological regime. Provided the peatland
water table remains near the surface, as at most Empodisma-dominated sites, growing-season water stress does not occur,
and carbon discrimination is governed primarily by temperature and light (PARo, GDDy) rather than by stomatal closure
under water deficit. This is consistent with Amesbury et al. (2015b) and with evidence that plant functional type and
hydrology strongly influence cellulose isotope signals, particularly in Sphagnum-dominated systems (Turi et al., 2021).

The absence of moisture control at the site scale (all moisture correlations non-significant) is matched by a modest but
significant sample-level WTD effect. This scale dependency, detectable at the within-site sample level but absent between
sites, indicates that microhabitat hydrology influences carbon discrimination locally, but that this hydrological noise is
swamped by the temperature signal when comparing across the full latitudinal transect. For downcore applications, this
implies that large (>1 %o) multi-decadal shifts in §'°C are more plausibly attributed to temperature change than to WTD
variation, whereas smaller centennial-scale oscillations may reflect a mixture of both, particularly if companion WTD
proxies (e.g. testate amoebae, peat humification) indicate concurrent hydrological shifts, consistent with the established
value of multiproxy approaches in peat palaecoclimate reconstruction.

The species effect on 8°C (E. robustum mean -26.56 %o vs E. minus mean -25.72 %o root, p = 0.016) is collinear with
latitude and cannot be separated from the climatic gradient in the current dataset. Possible physiological explanations include
differences in mesophyll conductance, carboxylation capacity, or the effective growing season temperature window between
the two species. The 0.84 %o mean species offset in root cellulose is comparable in magnitude to the WTD effect over the
full sample-level range and to the variability within a single site and must be accounted for when comparing downcore §'*C
records from sites dominated by different species or experiencing past species transitions.

The systematic enrichment of shoot cellulose relative to root cellulose (1.25 %o, p < 0.001) is consistent across all sites and
both species. Possible explanations include differences in the timing and integration of cellulose formation between shoots
and roots, or Empodisma-specific differences in post-photosynthetic carbohydrate allocation and metabolism. We note that

the direction of this offset runs counter to the more commonly reported pattern in Cs plants, in which heterotrophic tissues,
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including roots, are '*C-enriched relative to photosynthetic tissues through post-photosynthetic fractionation, which would
predict enrichment of roots rather than shoots (Cernusak et al., 2009). Although direct analogues for shoot-root §'3C offsets
in peatland vascular plants are limited, peatland cellulose-isotope studies have shown that species identity and plant part can
introduce systematic offsets that must be considered when comparing records across tissues and taxa (Jones et al., 2019;

Sakurai et al., 2021).

4.4. Implications for interpreting downcore Empodisma records

The modern calibration developed here reframes how downcore Empodisma root cellulose 8'30 should be interpreted. The
finding from Amesbury et al. (2015a) that root-associated water tracks precipitation isotopic composition was an important
first step, but it did not resolve the relationship between that water and cellulose. The present study demonstrates that root
cellulose 830 cannot be interpreted as a direct recorder of precipitation 3'0. Rather, it reflects a mixed internal plant-water
signal in which both root and shoot tissues contribute in proportions that vary with species identity, season, and possibly
climate-driven changes in plant physiology. The effective source water is more enriched than precipitation as a result of
internal transport, evaporative enrichment, and biosynthetic fractionation, and the magnitude of enrichment varies between
E. robustum and E. minus in a predictable and species-consistent way.

For palaeoclimate application, this has two key practical implications. First, the identity of the peat-forming material must be
established for any downcore sequence used for 8'3%0 reconstruction. Given the disjunct distributions of the two species
either side of the Kauri line, a switch between E. robustum and E. minus at a single site is unlikely; the more plausible
complication is a downcore transition from Empodisma to another peat-forming taxon altogether. A core dominated by E.
robustum is expected to have a higher fa (greater root-water contribution) and thus a 3'*0 signal more directly linked to the
isotopic composition of root zone water, which in turn tracks precipitation more faithfully. A core dominated by E. minus is
expected to have a lower fa and a signal more weighted towards shoot water, which may integrate a different seasonal
window and show greater evaporative enrichment. Second, any change in the dominant Empodisma species within a
downcore sequence could produce a step-change in the 8'%0 baseline that could be difficult to distinguish from a
precipitation-driven signal without macrofossil evidence. This need to account for species identity is analogous to the
species-specific caution highlighted in Sphagnum isotope studies, where both §'3C and §'%0 relationships vary between taxa
and reconstructions are therefore recommended to be species-specific (Granath et al., 2018)

The dual-proxy advantage of simultaneously measuring 8'*C and §'*0 on the same core material is important. If §'*C
provides a relatively direct temperature signal and §'%0 provides a more complex moisture-source signal mediated through
internal plant-water dynamics, then divergence between the two records in a downcore sequence may identify periods when
temperature and atmospheric circulation changed independently; the kind of signal that could help distinguish between
different SAM-forcing interpretations. Periods of cooling with enriched 8'%0 (suggesting changed moisture source despite

cooling) would be especially informative. The downcore records from TNG and OTT (Sect. 3.3) suggest that this
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complementarity may already be detectable over the 20th century instrumental period, though attribution is complicated by

the concurrent IPO transition.

4.5. Twentieth-century isotope trends and their relationship to the SAM

The 20th-century downcore records from TNG and OTT provide partial but meaningful support for hypothesis H4.
Interpreting them requires care in distinguishing two different axes of variation in 3'3C. The calibration developed in Sects.
3.1 and 3.2 is spatial, established across a contemporary latitudinal gradient along which atmospheric CO2 is common to all
sites, so the 8!*C-temperature relationship it describes is a between-site relationship at essentially fixed CO2. The downcore
records are temporal, and across the industrial period they carry an additional forcing that the spatial calibration cannot
contain: the rise in atmospheric COz and the accompanying decline in its 3'*C. A downcore 3!*C trend therefore cannot be
read directly against the spatial temperature calibration without first accounting for both. The modern calibration and
IsoGSM composites establish that positive SAM phases tend to bring settled, high-pressure conditions to Aotearoa New
Zealand with sporadically delivered, isotopically depleted southerly-derived precipitation, while negative SAM phases tend
to bring enhanced westerlies, more frequent precipitation, and a greater relative influence of lower-latitude moisture sources.
More broadly, negative SAM states have been linked to more equatorward moisture sourcing in Antarctic precipitation, by
about 2.4° of latitude on average, likely through amplified planetary wave activity (Gao et al., 2024). This differs from the
simple poleward-shift interpretation applied to higher-latitude Southern Hemisphere settings and instead reflects Aotearoa
New Zealand 's position near the northern edge of the westerly wind belt.

Both 8'30 records show a coherent enrichment trend from approximately 1960-1975 onwards, with larger amplitude at OTT
than TNG. However, the direction of this enrichment, towards more positive 8'30, is not consistent with the positive SAM
trend, which should produce depleted precipitation at both sites under the moisture-source framework. This inconsistency
partly reflects the difficulty of attributing 20" century Aotearoa New Zealand climate change to a single mode: the 1976-
1977 TIPO phase shift was associated with marked changes in Aotearoa New Zealand circulation and precipitation patterns
(Salinger et al., 2001), while more recent warm extremes reflect the combined influence of IPO, ENSO, SAM and
anthropogenic warming (Henley, 2017; Salinger et al., 2024). More fundamentally, the coupled enrichment in both §'*C and
3'80 over the industrial period may reflect a common physiological response to rising atmospheric CO». This is a separate
effect from the change in the isotopic composition of atmospheric CO2 over the same period, for which the records have
already been corrected: the Suess correction removes the atmospheric composition signal, whereas the physiological
response described here follows from concentration. At a given assimilation rate, reduced stomatal conductance increases
intrinsic water-use efficiency and reduces discrimination against '*C, while associated changes in leaf-water enrichment can
also act to increase cellulose §'*0. Because this provides a common directional forcing on both proxies at both sites, and
coincides with the interval of instrumental SAM variability, the enrichment trends cannot be read as a direct expression of

the SAM moisture-source signal. A further possibility, not resolvable with these data, is that warming has lengthened the
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period over which assimilation can proceed at low rates, so that the integrated 5'3C signal reflects a change in the seasonal
window of carbon fixation as well as in instantaneous discrimination (Campbell et al., 2014).

The mixing model results provide the most direct explanation for the between-site contrast, and one that follows from the
modern calibration itself. OTT is dominated by E. minus with a substantially lower fa (0.414), meaning its §'30 signal is
substantially weighted towards internal shoot water, which is more susceptible to evaporative enrichment. If the post-1977
climate shift at OTT involved warmer and/or drier growing seasons, this could have increased evaporative enrichment of
shoot water and thereby enriched cellulose 3'%0 through the plant-physiological pathway rather than through changes in
precipitation 3'%0 alone. Distinguishing between these two mechanisms will require companion proxies, particularly
hydrological indicators such as testate amoebae WTD reconstructions from the same cores, and where possible independent
temperature-sensitive records.

At TNG, the measured 8'3C record spans -28.24 to -27.04 %o in the most recent decade (2009-2016); once corrected for the
Suess effect, the record enriches by +1.28 %o across the 1970 boundary, opposite in direction to the warming-driven
depletion predicted by the calibration (warmer growing seasons — more discrimination — more negative '°C). Comparable
speleothem 3'%0 records from Waitomo, approximately 130 km southwest of TNG, show coherent Holocene climate signals
linked to atmospheric circulation and Tasman Sea influences, with the Waitomo record interpreted as sensitive to changes in
the subtropical front and Tasman Front (Lorrey et al., 2020). The emerging picture from multiple proxy systems in the
northern Aotearoa New Zealand region is therefore broadly coherent, although the Empodisma peat cellulose records
presented here remain a pilot downcore application focused on the instrumental period.

The absence of a directional trend in the measured OTT &'°C record is largely an artefact of the atmospheric Suess effect:
once corrected, OTT shows an enrichment of +0.85 %o between the pre- and post-1970 periods, comparable in direction to
TNG (+1.28 %o) though smaller in magnitude. Mean land temperature across Aotearoa New Zealand, as represented by the
homogenised seven-station series, increased by 0.92°C per century over 1909-2015 (Ministry of the Environment, 2018;
Mullan et al., 2010). Because warming increases discrimination and therefore depletes cellulose 8'3C, the enrichment
recorded at both sites over this interval runs counter to the temperature control identified in the spatial calibration and cannot
be explained by it. Spatially heterogeneous climate responses to SAM and PO across Aotearoa New Zealand (Kidston et al.,
2009; Salinger et al., 2001) may nonetheless contribute to differences in the expression of these signals between the two
sites.

H4, that downcore cellulose §'3C and 8'®0 from contrasting sites behave as predicted by the surface calibration, is therefore
only partially supported, and not in the way anticipated. The Empodisma systems record coherent, well-dated multi-decadal
variability in both proxies at both sites, and the between-site contrast in §'%0 amplitude follows the species-dependent
source-water partitioning established by the modern calibration. However, once the atmospheric Suess effect is removed,
both proxies enrich monotonically at both sites over the industrial period, which is opposite in direction to the SAM
expectation for 8'*0 and to the temperature expectation for 8'*C, and the direction that would be expected from rising

atmospheric CO2. We therefore interpret the pilot records as demonstrating proxy fidelity and mechanistic continuity with
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the modern calibration, rather than as a SAM reconstruction. Isolating a circulation signal will require records extending

before the industrial period, where the CO: trend is absent — precisely the Holocene sequences these sites preserve.

4.6. Towards Holocene SAM reconstruction from Aotearoa New Zealand peatlands

The modern calibration presented here provides the mechanistic foundation for extending the Empodisma isotope records
through the full Holocene, with the goal of contributing an independent SAM reconstruction from a region and proxy archive
currently absent from the Southern Hemisphere palacoclimate network. Existing Common Era and Holocene reconstructions
of Southern Hemisphere westerly wind and SAM-related circulation variability are dominated by records from southern
South America, the sub-Antarctic islands, and Antarctica, all of which reflect the SAM signal from the high-latitude side of
the pressure dipole (Fletcher and Moreno, 2012; Perren et al., 2020; Xia et al., 2018). Aotearoa New Zealand peatland
records would provide a complementary mid-latitude perspective from the northern edge of the westerly wind belt, where the
SAM signal is expressed differently and where the Iso0GSM simulations predict isotopically distinct responses in the two
principal growth regimes relevant to E. robustum and E. minus.

Several challenges must be addressed to realise this potential. A central issue is species constancy — macrofossil and pollen
evidence from the full core sequences at TNG and OTT must document any past changes in the dominant peat-forming
vegetation, and where possible in the identity of the dominant restiad taxa, as demonstrated by existing macrofossil, cuticle,
and pollen work on northern Aotearoa New Zealand bog vegetation (Haenfling et al., 2016; Newnham et al., 2019). The
mixing model results presented here show that species identity has a first-order effect on cellulose 8'30 through source-water
partitioning, and any undetected species transition in the downcore record would produce an artefactual 5'%0 shift. Second,
the temperature dependence of the biochemical fractionation factor e» must be better constrained for Empodisma specifically,
as discussed in Sect. 4.2; this affects quantitative 8'0 reconstruction at cold South Island sites in particular. Third, IPO and
ENSO must be separated from SAM in multi-decadal reconstructions, which will require either very long records spanning
much of the Holocene, or multi-site synthesis comparing records from regions with contrasting SAM, PO, and ENSO
sensitivities. The 13-site calibration network established here provides a strong spatial framework for addressing those
differential sensitivities, suggesting that a multi-core approach, combining TNG and OTT at minimum, and ideally
additional sites from the transect, would yield the most robust attribution .

Finally, the pairing of 8'3C and 8'*0 on the same downcore material, as demonstrated here, offers a pathway to separating
temperature and circulation signals that single-proxy records cannot achieve. The atmospheric part of that problem, the ‘'*C
Suess effect’, is corrected here. If its physiological counterpart, the iWUE (intrinsic water-use efficiency) trend, can also be
constrained (Lavergne et al., 2019; McCarroll et al., 2009), then the §'*C-temperature calibration established in Sect. 3.2 can
be applied downcore, and §"*C provides an independent constraint on past temperature change (Lavergne et al., 2019;
McCarroll et al., 2009)that can be used to account for the temperature component of the 3'0 record, isolating the moisture-
source/circulation component. Paired cellulose 8'*C and 8'®0 measurements have been explored in other vascular-plant

peatland systems (Yu et al., 2011, 2013; Shi et al., 2019), although quantitative separation of temperature and moisture-
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source effects remains an area of ongoing development (Kock et al., 2019a). In our view, this provides a coherent, internally

consistent framework for quantitative palaeoclimate reconstruction from Empodisma cellulose.

5. Conclusions

Using an expanded spatial dataset of 13 sites spanning more than 11° of latitude, a monthly monitoring dataset at two
contrasting sites, and cryogenic vacuum distillation of internal plant waters, this study established a modern calibration
framework for stable carbon (3!*C) and oxygen (8'30) isotope proxies in Empodisma-dominated peatlands in Aotearoa New
Zealand. The key conclusions are as follows:

Hypothesis 1 (confirmed): The negative relationships between Empodisma cellulose 8'*C and temperature and energy
variables identified in the earlier six-site pilot study (Amesbury et al., 2015b) are replicated across the expanded dataset with
substantially greater statistical power. Root cellulose 8'*C correlates significantly with both mean annual temperature (r = -
0.613, p = 0.034) and mean summer temperature (r = -0.628, p = 0.029) across 12 sites, and the relationship is stronger for
shoot cellulose. No significant associations with any moisture variable are found at the site scale, confirming the decoupling
of 813C from direct hydrological controls across this latitudinal transect. For 8'30, the earlier finding that peatland waters
track precipitation isotopic composition and plot close to the GMWL is confirmed and extended across all 13 sites, with the
updated peatland MWL slope (8.80) reflecting the revised exclusion of internal shoot water from the peatland water
definition.

Hypothesis 2 (confirmed). Root-associated water and internal root water 8'%0 are significantly and positively related across
the combined spatial and temporal datasets (r = 0.719, p < 0.001, n = 63), confirming that external peatland source-water
signals are transmitted into internal plant water pools. However, internal root water is systematically depleted relative to
root-associated water (mean 3'0 offset 2.98 %o), and the magnitude of this fractionation differs significantly between
species (E. robustum 3.89 %o vs E. minus 2.46 %o, p = 0.033). These results demonstrate that root-associated water and
internal root water are closely coupled but not interchangeable, and that the degree of isotopic modification between external
and internal plant-water pools is species-dependent.

Hypothesis 3 (confirmed). The mean of internal root and internal shoot water is the best-performing candidate source water
in the mechanistic model comparison, producing a near-zero mean offset in the spatial dataset (+0.59 %o) and the smallest
mean offset in the temporal dataset (-2.26 %o), and substantially outperforming each alternative candidate source water
tested, including either internal water pool individually. This result indicates that root cellulose 8'%0 in Empodisma reflects a
mixed internal plant-water source in which both root and shoot tissues contribute to the substrate available for cellulose
synthesis. Quantification of source-water partitioning via isotope mixing reveals a global spatial optimum of fa = 0.627, but
with systematic species differences (E. robustum fa = 0.770; E. minus fao = 0.414) and a pronounced seasonal shift at the

North Island monitoring site (NovMar fa = 0.700; AprOct fa = 0.086). Root cellulose 3'*0 in Empodisma should not
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therefore be treated as a direct recorder of precipitation 8'80; it is an integrated proxy for peatland source-water state
mediated through species-specific and seasonally variable internal plant-water dynamics.

Hypothesis 4 (partially supported). Downcore root cellulose %0 and 8"3C records from Tangonge (North Island, E.
robustum) and Otautau (South Island, E. minus) both register coherent, well-dated multi-decadal signals over the period c.
1900-2017 CE. The between-site contrast in 3'®0 amplitude follows the species-dependent source-water partitioning
established by the modern calibration, with the larger signal at OTT consistent with the substantially lower root-water
fraction of E. minus and its corresponding greater shoot-water weighting. The direction of change, however, is not what the
SAM framework predicts: once corrected for the atmospheric Suess effect, both proxies enrich at both sites over the
industrial period, opposite to the depletion that would be expected under a positive SAM trend and in the direction that
would be expected from rising atmospheric COx. Attribution of the 20" century isotope trends to SAM specifically therefore
cannot be achieved from a single 120-year record, given the concurrent [PO phase shift, greenhouse warming and CO:z rise.
The coherent signals nonetheless demonstrate that the archived cellulose preserves reproducible isotopic information and
that the calibration framework established here provides a robust basis for interpretation of pre-industrial sequences, where
the COxz trend is absent.

Overall, the results establish Empodisma cellulose §'°C and 3'®0 as complementary palacoclimate proxies with distinct but
interpretable proxy frameworks: 8'*C primarily records growing-season temperature and energy availability, while §'30
records peatland source-water state and its large-scale atmospheric circulation controls, filtered through species-specific
internal plant-water dynamics. This dual-proxy framework provides the mechanistic basis for applying Empodisma cellulose
isotopes to Holocene-length downcore records as proxies for past Southern Annular Mode variability. Aotearoa New
Zealand’s restiad peatlands are amongst the country’s most widespread and well-preserved Holocene archives, yet their
potential as stable isotope palacoclimate archives remains largely unrealised. The calibration presented here addresses that
gap directly, providing the species-specific, mechanistically grounded framework needed to unlock these archives and add a
distinctive vascular plant peatland perspective to the growing multi-proxy network documenting past SAM variability across

Aotearoa New Zealand and the broader Southern Hemisphere mid-latitudes.

Code availability

No new code was developed for this study. Age-depth models were produced using the published R package rplum (version
0.1.4; Aquino-Lopez et al., 2018). Figures were produced in R (version 4.5.2; R Core Team, 2025) using ggplot2 (version
4.0.2; Wickham, 2016) and patchwork (version 1.3.2; Pederson, 2025); LOESS smoothers were fitted using the loess
function of the stats package. All other analyses used standard statistical procedures described in Sect. 2.7 and can be

reproduced from the data and equations given in the text.
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Data availability

All cellulose and water stable isotope measurements, site metadata and chronological data generated in this study will be
deposited in Zenodo and made publicly available upon publication. Precipitation isoscape values are from Baisden et al.
(2016). Climate data are from the NIWA Virtual Climate Station Network. Atmospheric 8'3C-CO: values are from Graven et
al. (2017). The SAM index of Marshall (2003) is available at https://legacy.bas.ac.uk/met/gjma/sam.html.
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