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a b s t r a c t

Contemporary measurements of carbon (C) accumulation rates in peatlands around the world often
show the C sink to be stronger on average than at times in the past. Alteration of global nutrient cycles
could be contributing to elevated carbon accumulation in the present day. Here we examine the effect of
volcanic inputs of nutrients on peatland C accumulation in Moanatuatua Bog, New Zealand, by examining
a high-resolution Late Holocene C accumulation record during which powerful volcanic eruptions
occurred, depositing two visible rhyolitic tephra layers (Taupo, 232 ± 10 CE; Kaharoa, 1314 ± 12 CE).
Carbon accumulation rates since c. 50 CE, well before any human presence, increased from a background
rate of 23 g C m�2 yr�1 up to 110 g C m�2 yr�1 following the deposition of the Taupo Tephra, and 84 g C
m�2 yr�1 following the deposition of the Kaharoa Tephra. Smaller but nevertheless marked increases in C
accumulation additionally occurred in association with the deposition of three andesitic-dacitic cryp-
totephras (each � ~1 mm thick) of the Tufa Trig Formation between the Taupo and Kaharoa events. These
five periods of elevated C uptake, especially those associated with the relatively thick Taupo and Kaharoa
tephras, were accompanied by shifts in nutrient stoichiometry, indicating that there was greater avail-
ability of phosphorus (P) relative to nitrogen (N) and C during the period of high C uptake. Such P was
almost certainly derived from volcanic sources, with P being present in the volcanic glass at Moana-
tuatua, and many of the eruptions described being associated with the local deposition of the P rich
mineral apatite. We found peatland C accumulation to be tightly coupled to N and P accumulation,
suggesting nutrient inputs exert a strong control on rates of peat accumulation. Nutrient stoichiometry
indicated a strong ability to recover P within the ecosystem, with C:P ratios being higher than most other
peatlands in the literature. We conclude that nutrient inputs, deriving from volcanic eruptions, have been
very important for C accumulation rates in the past. Therefore, the elevated nutrient inputs occurring in
the present day could offer a more plausible explanation, as opposed to a climatic component, for
observed high contemporary C accumulation in New Zealand peatlands.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The global peatland carbon (C) sink is vast, 644 GT by the most
recent estimates (Yu, 2011; Dargie et al., 2017), and greater than all
the C content of fossil fuels burnt since 1870 (~435 GT C, as cited in
Le Qu�er�e et al., 2018). Peatlands are thus very important for the
ronmental Research Institute,
40, New Zealand.
global carbon cycle, and there is much interest in the controls of
their C uptake and loss. Modern carbon sequestration in peatlands,
measured over the past quarter-century or so, is often much higher
thanmeasurements of C accumulation rates (CAR) obtained from in
peat cores representing longer time periods (Ratcliffe et al., 2018;
Liu et al., 2019). In contrast to modern C flux measurements, long-
termmeasurements of CAR, derived from peat cores, typically span
several millennia or more and thus are heavily weighted towards
the period before industrialisation began (~1750 CE). Since indus-
trialisation, there have been major changes to atmospheric
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nitrogen (N) (Stevens et al., 2015) and phosphorus (P) deposition
(Brahney et al., 2015; Wang et al., 2015b), and nutrient-mediated
effects have been cited as hypothetical explanations for the
discrepancy between long-term and modern records of peatland C
uptake (Turunen et al., 2004; Yu, 2012; Ratcliffe et al., 2018).

Volcanoes are known to deliver pulses of nutrients to ecosys-
tems (Delmelle et al., 2015; Stewart et al., 2020), including peat-
lands (Wolejko and Ito, 1986; Hughes et al., 2013). In oceans, so-
called volcanic fertilisation can cause large drawdown of atmo-
spheric CO2 (Delmelle et al., 2015). In lakes, the deposition of tephra
(volcanic ash) may impact diatom assemblages and sedimentation
rates (Harper et al., 1986; Abella, 1988; Einarsson et al., 1993;
Urrutia et al., 2007; Hutchinson et al., 2019). However, the influence
of volcanically-derived nutrients on peatland carbon cycling has
seldom been explored (Hughes et al., 2013). Volcanoes can deliver
nutrients essential for plant growth, especially phosphorus, to
ecosystems in three ways: (i) deposition of phosphatic compounds
(presumably as PO4

3�) formed from P-bearing aerosols in turn
derived from magmatic gases that are generated during eruptions;
(ii) interaction of other acidic aerosols emitted during eruptions
(including SO2, HCl, NH3, H2S, and HF; e.g. Roberts et al., 2019) with
P-containing volcanic glass shards, pumice fragments, crystals
(mineral grains), and lithics produced during the eruption; and (iii)
by rapid dissolution of the particles of glass, pumice, and crystals,
especially the phosphate-group mineral, apatite [Ca10(PO4)6
(OH,F,Cl)2], after their deposition by enhanced acid-induced hy-
drolysis that results in the release of constituent elements/ions (e.g.
Cronin et al., 2003; Mahowald et al., 2008; Delmelle et al., 2015).

Ombrotrophic (rain-fed) peatlands, by definition, receive nu-
trients solely from atmospheric deposition and are among themost
nutrient-poor ecosystems in the world (Damman, 1986). However,
the effect of nutrient enrichment on ecology and carbon cycling is
often unknown. Low concentrations of nutrient inputs can greatly
increase primary productivity (Aerts et al., 1992; Lund et al., 2009)
but, at high nutrient loading, peatland plants can also exhibit signs
of toxicity (Sheppard et al., 2011) and ultimately undergo
competitive displacement (Limpens et al., 2003). In turn, such
displacement could lead to loss of ecosystem function and reduced
C sequestration associated with more nutrient-demanding plant
communities (Gogo et al., 2011). Additionally, nutrient enrichment
may enhance C losses by accelerating the microbial breakdown of
peat (Bragazza et al., 2012). Recently, it has become increasingly
clear that there have been major changes to global nutrient cycling
which are capable of affecting even geographically remote locations
(Neff et al., 2008; Brahney et al., 2015). For ecosystems located close
to agricultural nutrient sources, such changes may be even more
pronounced (Tipping et al., 2014).

Volcanoes are potentially an important source of nutrients for
peatlands close to active volcanic centres, but few studies have
considered the role of volcanic nutrient sources in mire ecology and
biogeochemical cycling. In Iceland, deposition of volcanic dust is a
major control on wetland ecology affecting bird and insect pop-
ulations through bottom-up differences in ecosystem productivity
(Gunnarsson et al., 2015), while in Japan, Wolejko and Ito (1986)
coined the term “tephrotrophic” to describe mires affected by
tephra deposition. These tephrotrophic mires, although ombroge-
nous in the sense that they received water only from rainfall, also
maintain a rich fen-like plant community because of continued
inputs of nutrients via tephra fall. Large areas of peatland in Te Ika-
a-M�aui, the North Island of Aotearoa New Zealand, are located close
to recently active volcanic centres, both rhyolitic and andesitic in
composition (Fig. 1; Wilson et al., 2009). Peatlands analogous to
those described by Wolejko and Ito (1986) also exist in New Zea-
land, where oligotrophic vegetation has been unable to achieve
dominance in mires proximal to Mt Taranaki, an andesitic
stratovolcano, due to continual fertilisation by frequent ash fall
(McGlone et al., 1988; McGlone and Neall, 1994). Delivery of nu-
trients, especially phosphorus (P), into New Zealand peatlands
during the Late Holocene is likely because of the presence of P
(reported as P2O5) in both volcanic glass shards (Gehrels, 2009) and
the presence of the phosphate-rich mineral apatite that has been
identified in distal tephra deposits of the past c. 2000 years in the
Waikato region, including in lakes, such as Lake Rotomanuka near
Moanatuatua Bog, to the south of Hamilton (Fig. 1; Lowe, 1988).
Additionally, the 1995e1996 andesitic eruptions of Mt Ruapehu in
central North Island (Fig. 1) deposited fluorapatite, and analyses of
tephra-samples (comprising mainly glass shards at distal sites)
showed that P was present as a minor element (Cronin et al., 2003)
(i.e., in quantities� 0.1 wt%, following the quantitation terminology
of Lowe et al., 2017). Similarly, distal tephra deposited in the Wai-
kato region from the 1948 and 1975 andesitic eruptions of Mt
Ngauruhoe contained P2O5 in minor or trace amounts (Allen, 1948;
Nelson, 1975; Gehrels, 2009).

Here we look at the effect of volcanic inputs on peatland carbon
accumulation rates (CAR) by studying the Late Holocene section e

the past c. 2000 years e of a large ombrogenous bog, Moanatuatua,
in northern New Zealand in a temperate, humid climate and which
has received accessions of tephra-fall deposits. This peatland, and
another ~60 km to the north east (Kopuatai: Fig. 1), have been
found to have high CO2 uptake in the present day, and this uptake
remains strong despite inter-annual climatic variation (Goodrich
et al., 2017; Ratcliffe et al., 2019). Nutrient-related effects, associ-
ated with present-day land use, could offer an explanation for this
elevated CO2 uptake rate in both bogs. Both sites are strongly
phosphorus limited as indicated from N:P ratios in plant foliage
(Clarkson et al., 2005) although P limitation is weakening at Moa-
natuatua over time (Clarkson et al., 2020). In this paper, we
examine peatland elemental accumulation rates, including C and
elements relevant to growth, at a high chronological resolution to
observe the effects on peatland elemental cycling.

We find that nutrient inputs, derived directly and indirectly
from volcanic eruptions, have affected C cycling in the past, and
therefore increased nutrient inputs could be primarily responsible
for observed rapid C accumulation in peatlands where climatic
limitations to growth are weak.

2. Methods and site description

2.1. Site description

The Scientific Reserve on Moanatuatua Bog is the remnant of a
formally more extensive ombrotrophic peat bog (Fig. 1). The re-
serve’s (natural) vegetation is dominated by Empodisma robustum
(Restionaceae), growing in association with Epacris pauciflora
(Ericaceae) and Sporadanthus ferrugineus (Restionaceae) (de Lange
et al., 1999; Ratcliffe et al., 2020). In 1962 and again in 1972 two
large fires broke out on the bog as the surrounding landwas cleared
for farming (Clarkson, 1997), and these fires were likely preceded
by earlier burns also associated with land conversion (Reynolds,
1917; Cranwell, 1939). By 1979 the remaining Moanatuatua peat-
land was at its current size of ~140 ha (Matheson, 1979). The
modern-day bog has undergone water table lowering and nutrient
enrichment (Ratcliffe et al., 2020; Clarkson et al., 2020) but, despite
this, the peat-forming community in the reserve persists and the
site remains a strong sink for carbon (Ratcliffe et al., 2019).

2.2. Coring and core stratigraphy

The coring site (37.935970 S 175.366051 E), Moanatuatua south
(Moa-south hereafter), was located 1.4 km south of a present-day



Fig. 1. Map of volcanoes and volcanic centres (VC) that have been active in North Island in the past c. 2000 years, including locations of the sources of tephras that were deposited in
the upper part of Moanatuatua bog. The inset map (right) shows our coring site, Moa-south, on the Moanatuatua Scientific Reserve, and that of Gehrels (2009), namely MR2. Coring
sites of Haenfling et al. (2017) (H) and Jara et al. (2017) (J) are also noted. Peat depths (in m) are from Davoren (1978).
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CO2 flux tower (Ratcliffe et al., 2019) and close to coring sites for a
number of previous palaeoecological and palaeoclimatological
studies (Haenfling et al., 2017; Jara et al., 2017; Newnham et al.,
2019). A Russian corer, 10 cm in diameter, was used (Belokopytov
and Beresnevich, 1955 in Jowsey, 1966), and two overlapping
cores, taken less than 30 cm apart (and able to be easily connected
using the tephra layers common to both), were transferred to PVC
tubing in the field, and wrapped in cling film and stored horizon-
tally and refrigerated prior to subsampling. We cored only 0.8 m of
the deep peat column at theMoa-south coring site (Jara et al., 2017)
as our intention was to study intensively an undisturbed sequence
from the Late Holocene for which the volcanic eruption record and
local climate are well understood. To supplement the findings we
derived from our analyses of the Moa-south core, we also refer to
cryptotephrostratigraphic work undertaken by Gehrels (2009), re-
ported in Gehrels et al. (2010), on a matching core (MR2) taken
from a location about 1 km from ours (Fig. 1).

The stratigraphies of the Moa-south and MR2 cores, correlated
using tephrochronology, are shown in Fig. 2. Two visible rhyolitic
tephras were identified in both cores: (1) Taupo Tephra, 2 cm thick,
erupted in 232 ± 10 common era (CE) from Taupo Volcanic Centre
(Hogg et al., 2012, 2019); and (2) Kaharoa Tephra, 5 cm thick,
erupted in 1314 ± 12 CE fromMt Tarawera (in the Okataina Volcanic
Centre) (Hogg et al., 2003). Three cryptotephras (which are defined
as glass shard and/or crystal concentrations too sparse to be visible
to the naked eye as layers: Lowe, 2011) were identified in the peat
in core MR2 by Gehrels (2009, 2010) as andesitic-dacitic members
Tf4 (erupted c. 750 CE), Tf5 (erupted c. 1200 CE), and Tf6 (erupted c.
1250 CE) of the Mt Ruapehu-derived Tufa Trig Formation
(Donoghue et al., 1997). They were identified (in MR2) by peaks in
counts of brown glass shards (Supplementary Figure S1), the shards
being characterised for major element compositions usingmethods
reported in Gehrels et al. (2006). The approximate dates associated
with the cryptotephras in MR2 are based on age data in Donoghue
et al. (1997), Gehrels (2009), and Zawalna-Geer et al. (2016). It
should be noted that, in common with other studies on crypto-
tephra glass-shard distribution that show the vertical spread of
cryptotephra components in lake or peat deposits (Lowe, 2011;
Pyne-O’Donell, 2011), there is some uncertainty as to the exact
horizons of deposition of TF5 and TF6, where the peaks in shards



Fig. 2. Stratigraphy of Moanatuatua south core (Moa-south) and the corresponding
section of core MR2 of Gehrels (2009). The two visible tephras linking the records are
shown as orange bands; the three cryptotephras are depicted as red dashes. Calibrated
radiocarbon ages (95% probability ranges) obtained for core MR2 are given (from
Gehrels, 2009). Note there is some offset in depth between the two cores, see Shearer
(1997) for more information on how tephra depth varies in Moanatuatua Bog. Sam-
pling positions for radiocarbon ages obtained on the Moa-south core (this study) are
also shown (see Table 1). SUERC ¼ prefix for radiocarbon ages obtained at the NERC
lab, Scotland; Wk ¼ prefix for radiocarbon ages obtained at the Waikato lab, Hamilton,
New Zealand. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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were not pronounced, and there was a relatively wide distribution
of shards over a ~10 cm interval Gehrels (2009, 2010).

2.3. Bulk density

Bulk density was measured continuously at 1-cm vertical reso-
lution, with volume calculated using the water displacement
technique (Chambers et al., 2011) and then the dry weight was
measured after drying the samples at 55 �C until at a constant
weight was attained.

2.4. C/N

Samples were oven-dried at 55 �C and homogenised using a
steel-ball mill which was cleaned and dried between samples to
avoid contamination. Dried peat with a mass of 0.02 g was weighed
out and analysed for C and N content using a Vario El cube CHNOS
Elemental Analyzer (Elementar Analysensysteme GmbH, Hanau,
Germany), with a precision of ±0.1% as determined from acetanilide
standards.
2.5. Elemental analysis by inductively coupled plasma-mass
spectrometry (ICP-MS)

In order to study the effect of volcanism on the peatland, we
analysed the peat for geochemical markers signifying the input of
volcanic material and volcanically derived phosphorus. The core
was subsampled for ICP-MS analysis at 1-cm intervals. Care was
taken to avoid contamination and sample preparation was carried
out in a random order to limit the possibility of false trends
appearing as a result of contamination. Dried samples were
coarsely homogenised by hand, with the steel-ball mill only being
used to prepare samples for C/N analysis, and 0.5 g of dried sample
was ashed at 450 �C for 4 h following Yafa and Farmer (2006). One
ml of concentrated nitric acid was added to the ash and samples
were digested on a heat block at 80 �C for 2 h. Samples were made
up to 50 ml with de-ionized water and centrifuged at 1800 rpm for
10 min. Ten ml of the sample was then decanted and used for ICP-
MS analysis of 16 elements: Mg, Al, P, S, K, Ca, Cr, Co, Cu, Sr, Ba, Pb
and U. Also analysed were Hg, Fe, and Ni but the results for these
are considered less reliable due to volatilisation (Hg) (Yafa and
Farmer, 2006) and potential contamination from the sampling
and laboratory process (Fe and Ni). The elements discussed in detail
(P, Cu, Pb) are known not affected by ashing at 450 �C (Yafa and
Farmer, 2006). Little or no information exists as to the vola-
tilsation of U in peats, but the ashing method has been applied to
peats previously and U is assumed not to be lost (Marx et al., 2009).
It is worth noting that the acid digestion procedure may mobilise
some elements from the tephra material (Blockley et al., 2005), but
strong acids or bases are usually necessary to fully dissolve the peat
matrix and are commonly used to prepare shards for geochemical
analysis and do not alter the shard geochemistry of rhyolitic tephra
in any detectable way (Roland et al., 2015). Moreover, the glass
analyses reported on glass from Moanatuatua Bog (see Table 3
below) show high original analytical totals, �~97%, suggesting
that the glass shards have not been compromised geochemically
via pretreatment (e.g. Hunt and Hill, 1993; Pearce et al., 2014; Lowe
et al., 2017). Additionally both the peatland itself and the eruptive
condensates associated with the eruptions (�Oskarsson, 1980) may
be highly acidic. Analyses were undertaken using an Agilent 8900
ICP-MS (Agilent Technologies, Santa Clara, USA) controlled by
MassHunter Workstation (version 4.5). Sample introduction
occurred via an SPS4 autosampler (Agilent Technologies, Santa
Clara, California, USA) and PVC tubing (Pulse Instrumentation,
Mequon, Wisconsin, USA). A 0.05e0.1 mL/min micromist U-Series
nebuliser (Glass Expansion, Melbourne, Australia) was attached to a
quartz Scott Type spray chamber followed by a quartz torch with
2.0 mm injector (Agilent Technologies, Santa Clara, USA). Following
the plasma, the samplewas introduced to the rest of the instrument
via a nickel sampler and skimmer cone, followed by an extraction
omega lens (Agilent Technologies, Santa Clara, USA). The ICP-MS
was optimized to maximum sensitivity ensuring oxides and
doubly-charged ions were less than 2%.

An internal standard consisting of Sc, Ge, Rh, Te, and Ir was
utilised to correct for instrumental drift. Standards were analysed
every 20 samples and re-calibration was performed every 100
samples. Blank samples were analysed every 10 samples to ensure
minimal carryover between samples. Instrument detection limits
were as follows: 1.2 mg/L Mg, 5.3 mg/L Al, 22 mg/L Ca, 73 mg/L S,
6.4 mg/L K, 0.023 mg/L Cr, 1.0 mg/L Fe, 0.035 mg/L Co, 0.027 mg/L Cu,
0.0087 mg/L Sr, 0.069 mg/L Ba, 0.017 mg/L Pb, 0.0046 mg/L U. Average
blank concentrations (n¼ 19) were as follows: 1.2 mg/L Mg, 6.2 mg/L
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Al, < DL Ca, 190 mg/L S, < DL K, 0.004 mg/L Cr, 4.8 mg/L Fe, < DL Co,
0.003 mg/L Cu, 0.001 mg/L Sr, 0.01 mg/L Ba, < DL Pb, < DL U. Sample
reproducibility, as measured using relative standard deviations
(RSD), was <5%. Spiked sampled were used to determine digestion
efficiency as a standard reference material was unavailable at the
time. Spike recoveries ranged from 80.3 to 102% with RSDs ranging
from 3.1 to 8.7%.

2.6. Chronology and age-depth model for Moa-south core

2.6.1. Radiocarbon samples
Subsamples of wet peat (Fig. 2) were disaggregated using the

hot NaOH method (Mauquoy et al., 2010) and sieved at 120 mm,
discarding the filtrate. Above-ground material, mainly plant stems
and charcoal, was manually separated under a microscope and was
cleaned using de-ionized water. Combinations of macroscopic
charcoal, Empodisma stems with visible stomata, and wood was
used for radiocarbon (14C) dating (Table 1, Fig. 2). Material for
dating was stored in de-ionized water, mildly acidified with H2SO4
to preserve the samples, and then submitted to the Waikato
Radiocarbon Dating Laboratory for accelerator mass spectrometry
(AMS) dating, using the Keck Carbon Cycle Accelerator Mass
Spectrometer facility at the University of California, Irvine, USA. It is
important to use surface samples for dating as both E. robustum and
S. ferrugineus have deep anchor roots which can extend several
metres into the peat (Clarkson et al., 2009).

2.6.2. Age-depth model
Calibrated 14C ages were combined with the high-precision

dates for the two visible tephra layers, Kaharoa Tephra at 158 cm
depth (1314 ± 12 CE), and Taupo Tephra at 210 cm depth (232 ± 10
CE) (Fig. 2). The tephras were readily identified in the field by their
distinctive physical properties and their stratigraphic superposi-
tions in the core near the bog surface. Both have been well char-
acterised or ‘fingerprinted’ previously in studies on numerous lakes
and bogs in the Waikato region using their ferromagnesian
mineralogical assemblages and glass-shard major element com-
positions, including in Moanatuatua Bog itself as reported by
Table 1
Radiocarbon ages used to construct the chronology for the Moanatuatua south core (see

Laboratory no.
(Waikato)

Depth
(cm)

Macrofossils selected for AMS
dating

Conventional radiocarb
BP ± 1s)

Wk48316 182 Empodisma stem 1035 ± 15
Wk48317 191 Macro charcoala 1562 ± 19
Wk48318 197 Macro charcoal 1677 ± 19
Wk48319 198.5 Macro charcoal 1668 ± 19
Wk48320 201 Macro charcoal 1737 ± 19
Wk48321 202 Macro charcoal 1832 ± 19
Wk48322 204 Macro charcoal 1792 ± 19
Wk48323 206 Macro charcoal 1790 ± 19
Wk48324 208 Macro charcoal 1815 ± 20
Wk48325 209.5 Macro charcoal 1782 ± 20
Wk48326 211.5 Empodisma stem 1678 ± 14
Wk48327 214 Wood with external bark 1864 ± 16
Wk48328c 215.5 Empodisma stem 1480 ± 15
Wk48329c 218 Empodisma stem 1689 ± 14
Wk48330 220 Empodisma stem 1838 ± 15
Wk48331 222 Empodisma stem 1654 ± 14
Wk48332 224 Empodisma stem 1888 ± 14
Wk48333 228.5 Empodisma stem 1962 ± 15

a Macro ¼ >120 mm.
b The weighted mean age (or date in this case) is a single-age representation that tak

(Blaauw and Christen, 2011).
c These dates were identified as outliers and rejected from the BACON modelling (Fig
Gehrels (2009) and Newnham et al. (2019) (see also Green and
Lowe, 1985; Lowe, 1988; de Lange and Lowe, 1990; Hodder et al.,
1991; Gehrels et al., 2006). The newly acquired 14C dates are
consistent with the identifications. The lowest C content of the peat
was used to indicate the specific point (instant in time) at which the
tephras were deposited, with 16.9% C at 158 cm and 19.9% C at
210 cm, compared to the core average of 47.1% (Table 2). The age-
depth model was constructed using the Bayesian software BACON
3.3.3 (Blaauw and Christen, 2011) modelled against SHCal13 of
Hogg et al. (2013). The prior accumulation ratewas set at 10 yr cm�1

and a 1-cm section depth was specified, and the default sample size
was increased to 14,000 to obtain a satisfactorymix of 1000Markov
Chain Monte Carlo iterations. Other accumulation and memory
priors were set to the default values following Goring et al. (2012).

2.7. C accumulation rates

C accumulation rates were calculated using the measured car-
bon content of each 1-cm slice divided by the modelled age dif-
ference between the top and bottom of the slice, produced using
the age-depth model, with the final rate converted to a per-square-
metre basis and presented as g C m�2 yr�1.

3. Results

3.1. Chronology and age-depth model

All dates were included in the initial age-depth model but the
optimal model did not pass through dates Wk-48328 and Wk-
48329, which were identified as outliers, and so were not
included in the final model. BACON is designed to infer periods
when a hiatus in the sequence is likely to have occurred, with short
hiatuses being progressively more likely. However, despite a period
of slow peat accumulation at 187e191 cm depth, no hiatus was
detected, i.e. the slow accumulation rate was plausible. The model
displayed considerable variation in the peat accumulation rate
(Table 2), most notably with periods of rapid accumulation at
depths of 207e220 cm and 150e161 cm.
also Fig. 2).

on age (14C yrs ‘Best estimate’ weighted mean age/
date (CE)b

2s calibrated date range
(CE)

1039 916e1122
592 490e591
431 383e489
399 365e440
366 336e399
349 325e377
315 283e347
292 252e292
280 244e310
267 231e301
259 229e294
251 218e283
244 204e274
238 183e264
232 162e257
211 151e236
190 134e228
110 60e188

es into account the general outcome of all MCMC iterations in the Bacon modelling

. 3).



Table 2
Summary of peat carbon and phosphorus accumulation rates, ratios of C:P and N:P, andmeasurements of bulk density and C content. Data in full are reported in Supplementary
Figure S2.

Zone Depth range
(cm)

Date range (95% prob)
CE

Bulk density g
cm�3

Carbon accumulation rate g C cm
yr�1

Phosphorus accumulation rate g P
cm yr�1

C % C:P N:P n

Z6 160e150 1210e1400 0.109 ± 0.015 83 ± 20 0.031 ± 0.004 34 ± 10 2704 ± 556 83 ± 22 11
Z5 185e161 990e1290 0.076 ± 0.007 35 ± 7 0.010 ± 0.003 54 ± 6 3550 ± 383 97 ± 14 25
Z4 195e186 390e990 0.071 ± 0.008 8 ± 3 0.003 ± 0.001 54 ± 1 3436 ± 433 96 ± 14 10
Z3 204e196 280e520 0.090 ± 0.018 24 ± 6 0.001 ± 0.002 46 ± 6 3663 ± 765 104 ± 19 9
Z2 221e205 160e340 0.093 ± 0.019 86 ± 44 0.026 ± 0.012 41 ± 9 3374 ± 608 96 ± 16 17
Z1 230e222 120e230 0.089 ± 0.005 34 ± 9 0.001 ± 0.003 51 ± 1 4153 ± 798 122 ± 25 9
All 230e150 120e1400 0.087 ± 0.018 48 ± 36 0.015 ± 0.012 47 ± 9 3448 ± 659 98 ± 19 81
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3.2. Carbon accumulation rate and changes in physical and
chemical properties in the Moa-south core

The CAR of the Moa-south core (Fig. 4) was found to vary
considerably across the 1200-year-long time period considered.

We defined six zones within which the CAR was relatively
consistent (Table 2) and describe these in the following section.
Bulk density, % C, % N and C:N ratios are presented in full in
Supplementary Figure S2.

3.2.1. Zone 1 (230 cme222 cm, 120 to 230 CE)
Zone one begins at the base of the sequence cored, 15 cm below

the Taupo Tephra. Bulk density is close to the core average, varying
between 0.08 and 0.1 g cm�3 and % C is high, and steady, between
49% and 51% indicating a low mineral content of the peat. CAR in
this zone is variable starting at 28 g C m�2 yr�1 and rising to 44 g C
Fig. 3. Age-depth model (in calendar years plotted as dates) for the core produced
using Bayesian modelling via BACON (Blaauw and Christen, 2011), and 14C ages as
listed in Table 1. Dates adopted for the two visible tephras (red shapes) are Taupo,
232 ± 10 CE (Hogg et al., 2012, 2019), and Kaharoa, 1314 ± 12 CE (Hogg et al., 2003).
Blue shapes represent the statistical probability of age/depth associated with each
date, and the back/grey shading represents the 95% confidence interval of the
preferred age/depth model. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
m�2 yr�1 reflecting an increase in the sedimentation rate. The C:P
and N:P ratios start very high, at 5560 and 170, respectively, and
these decline to 4000 and 110, respectively, at the end of the zone.
3.2.2. Zone 2 (221 cme205 cm, 160 to 340 CE)
Zone two begins 6 cm below the Taupo Tephra. Bulk density in

this zone reaches the peak value for the core, 0.13 g cm�3, rising and
fluctuating in the first 10 cm before reaching a peak at 210 cm and
plateauing at the end of the zone. Carbon content clearly shows the
influence of the Taupo Tephra with a sharp drop from 50% C down
to 42% C at 215 cm and a further drop to 20% C matching the rise in
bulk density at 210 cm. The CAR for this zone is greatly elevated,
increasing to between 140 and 160 g C m�2 yr�1 at the start of the
zone, briefly dopping to 25 g C m�2 yr�1 at the peak of tephra-
derived glass shard abundance, but otherwise remaining elevated
above 70 g C m�2 yr�1 to the end of the zone.
Fig. 4. Carbon accumulation rate (CAR) plotted against calendar date and depth in
Moa-south core. The isochrons provided by the Taupo (TP) and Kaharoa (KA) tephras
are represented by the two red solid horizontal lines, and the inferred positions of the
Tufa Trig cryptotephras (Tf4e6) are marked by dotted lines. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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3.2.3. Zone 3 (204 cme196 cm, 280 to 520 CE)
Zone three is still affected by the Taupo eruption and possibly

the smaller TF eruptions, and there is a rapid decline in bulk density
from 0.12 g cm�3 to 0.07 g cm�3 mirroring an increase in C content
from 35% at the start of the zone to 53% at the end. CAR is consis-
tently between 20 and 27 g C m�2 yr�1, except a peak between
200 cm and 197 cm where CAR increased to 33 g C m�2 yr�1 at
199 cm, essentially matching the inferred location (in corre-
sponding core MR2 of Gehrels, 2009) of cryptotephra Tf4 at 197 cm
(Fig. 4), and the large spikes in U, Cu, and Pb concentrations also at
197 cm depth (Fig. 5).
3.2.4. Zone 4 (195 cme186 cm, 390 to 990 CE)
Zone four contains the lowest bulk density values found in the

core, between 0.06 and 0.08 g cm�3, the C content of the peat is
high and consistent at 50% or more, also consistant with the low
shard count in this section inferred from the MR2 core, implying
minimal volcanic activity (Supplementary Figure S1). During this
period, CAR was at its lowest, varying between 13 g C m�2 yr�1 and
5 g C m�2 yr�1 (Fig. 4).
3.2.5. Zone 5 (185 cme161 cm, 840 to 1320 CE)
Zone five had low and steady bulk density between 0.06 and

0.09 g cm�3 and a high and consistant % C, much like Zone 4 pre-
ceding it. Unlike Zone four, however, the shard count, inferred from
the MR2 core (Supplementary Figure S1) is greater in this section
and Al, Cu, Pb, and U accumulation and concentration
(Supplementary Figure S3) are elevated. The CAR was found to
increase steadily, varying between 20 and 49 g C m�2 yr�1 (Fig. 4).
3.2.6. Zone 6 (160 cme150 cm, 1210 to 1400 CE)
Zone six is marked by a rapid increase in bulk density, up to

0.12 g cm�3, corresponding with a decline in C content down to 17%
and the precence of the Kaharoa Tephra. CAR varies between 73 and
107 g C m�2 yr�1, and, as with the Taupo Tephra in Zone 2, there is a
small dip in CAR, to 52 g C m�2 yr�1, which corresponds with peak
glass-shard deposition (Fig. 4). This zone is also characterised by
the highest accumulation rates for of Al, Cu, Pb, and U seen in the
record (Fig. 5) and the lowest C:P and N:P ratios (Fig. 6).
Fig. 5. (a) Aluminium (Al), (b) Lead (Pb), (c) copper (Cu), and (d) Uuranium (U) accumulation
shown as solid or dashed horizontal lines, respectively, as described in Fig. 4 and the name
3.3. Carbon accumulation rate and elemental concentrations

ICP-MS analyses of elements resulted in counts above the
detection limit for almost all elements considered, except for silver
and cadmium for which approximately half the analyses were
below the detection limit and mercury was consistently below the
detection limit, as would be expected due to volitisation after
ashing (Yafa and Farmer, 2006). The results of the analyses are
presented in full in the Supplementary Data. In order to investigate
how these elements varied with CAR, we performed linear re-
gressions between all the elements we had measured and the CAR
(Fig. 7). The elements with the greatest correlation, Al, U, Pb, and Cu
were then plotted against CAR (Fig. 5). Elements including Al, Pb, U,
Cu, Cr, Co and K correlated positively with CAR whereas Ba, Ca, Sr,
and Mg correlated negatively and, in the cases of Ca, Sr and Mg,
their correlations were quite strong.
3.4. Carbon, nitrogen, and phosphorus accumulation rates and
stoichiometric ratios

Carbon, nitrogen, and phosphorus accumulation rates followed
a similar pattern to each other and were highly correlated (Figs. 8
and 9), maintaining consistent stoichiometric ranges throughout
most of the time series (C:P of 3500 and P:N of 80), with the
exception of the two visible-tephra depositional events (Taupo and
Kaharoa), and the short period at the very start of the sequence
between ~90 and ~220 CE. Carbon-to-phosphorus ratios were at
their highest in the earliest part of the time series, around 4000,
then declined greatly with the deposition of the Taupo Tephra to
around 3300 before increasing and stabilising to 3500, and then
declining again to around 2700 at the time of deposition of the
Kaharoa Tephra (Fig. 8).

Rates of C accumulation varied from 160 g Cm�2 yr�1 at ~244 CE
(216 cm depth) to 5.2 g C m�2 yr�1 at ~840 CE (187 cm depth).
Extremes in CAR were mirrored by those of P, 0.04 g C m�2 yr�1 at
~244 CE (216 cm depth) and 0.001 g C m�2 yr�1 at 627 CE (190 cm
depth) (Fig. 8), and also N accumulation rate of 4.0 g C m�2 yr�1 at
~244 CE (216 cm depth) and 0.1 g C m�2 yr�1 at ~840 CE (187 cm
depth) (Fig. 8).
rates plotted against age (date in calendar years). Tephra or cryptotephra deposits are
s and depth of these tephras have been added as annotations.



Fig. 6. (a) C:P ratio plotted as points, with a ten-sample moving mean plotted as a line; (b) N:P ratio plotted as points, against age (date in calendar years), with a ten-sample moving
mean plotted as a line. Tephra or cryptotephra deposits are shown as solid or dashed horizontal lines, respectively, as described in Fig. 4 and the names and depth of these tephras
have been added as annotations.

Fig. 7. Correlation coefficients of CAR and elemental concentrations for linear re-
gressions where P < 0.05.
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3.5. Correlations between C, N, and P accumulation rates

Carbon accumulation rates were found to have a strong positive
linear correlation with N (R2 0.98) and P (R2 0.91) accumulation
rates (Fig. 9), and this was most pronounced in the lower, ‘typical’
range of CAR 0e60 g C m�2 yr�1, with greater residuals at high
CAR > 60 g C m�2 yr�1.
4. Discussion

Carbon accumulation rates were found to be elevated following
the deposition of two visible rhyolitic tephra layers, Taupo (Tp)
(232 ± 10 CE) and Kaharoa (Ka) (1314 ± 12 CE), both containing
phosphorus as a minor element in constituent glass shards
(Table 3) and also in apatite crystals (further potential sources of P
are discussed further below). The CAR increased from a background
of 23.1 g Cm�2 yr�1 (Table 2), comparable to that for other southern
hemisphere peatlands (Yu, 2011), to a maximum sustained rate of
110 g C m�2 yr�1 after Tp and 84 g C m�2 yr�1 after Ka. The CAR
following the Tp and Ka tephras is more typical of rates for
contemporary peatland CO2 uptake � for example, a rate of 74 g C
m�2 yr�1 was calculated from 24 site-years across six peatlands by
Lu et al. (2017).

Additionally, a small increase in CAR, to 30e35 g Cm�2 yr�1, was
evident at c. 420 CE, with concurrent spikes in uranium, lead, and
copper (Fig. 5). This increase may relate to the deposition of the
dacitic Tufa Trig tephra, Tf4, derived from Mt Ruapehu (Donoghue
et al., 1997), identified as a cryptotephra in core MR2 in Moana-
tuatua Bog by Gehrels (2009) (Fig. 2; Table 3). Possible increases in
CAR were also evident in Zone 5 in which the closely-spaced
andesitic-dacitic Tufa Trig tephras Tf5 and Tf6 (aged c. 1200 and
c. 1250 CE, respectively) were identified in nearby core MR2 (Fig. 2;
Table 3).

Carbon accumulation rate has rarely been measured in peat-
lands across time periods spanning tephra deposition events, with
the only other example of which we are aware being reported for a
bog in Hokkaido, Japan (Hughes et al., 2013), where CAR above
100 g C m�2 yr�1 occurred after deposition of a rhyolitic tephra
(BeTm) erupted from Changbaishan (or Baitoushan) volcano
located more than 1000 km away on the China/North Korea border.



Fig. 8. Elemental carbon accumulation (a), phosphorus accumulation (b), and nitrogen accumulation (c), each plotted against age (date in calendar years) and depth. Tephra or
cryptotephra deposits are shown as solid or dashed horizontal lines, respectively, as described in Fig. 4.

Fig. 9. (a) Linear regression of elemental P accumulation rate and C accumulation rate (CAR); (b) Linear regression of elemental N accumulation rate and C accumulation rate.
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In that case, elevated CAR, linked to P inputs, was found to be
sustained for about 300 years rather than the ~80 years we found
here, but this apparent extended period could be, in part, due to
coarser dating resolution used by Hughes et al. (2013). The rapid
CAR we found here, and that in Hughes et al. (2013), would be
unlikely to be detected in typical paleoecological studies with
around one date per 1000 years (Payne et al., 2016). Therefore, we
do not consider the paucity of examples in the literature to pre-
clude this phenomenon from being more widespread.

Modern experiments and palaeoecological reconstructions
suggest that the impacts of tephra on peatland plant mortality can
be inconsistent (Payne and Blackford, 2008, 2005). Vascular plants
can remain unaffected by tephra falls up to 6 cm thick (Hotes et al.,
2006). Much thicker deposits than reported here for Moanatuatua
e for example, a 22-cm thick tephra layer in themontane Kaipo bog
in New Zealand (Fig. 1) � may cause disruption of the plant com-
munity (Giles, 1999). Beyond the immediate disturbance effect, the
nutrient impact may be of greater importance for CAR. Phosphorus
is one of the key limiting nutrients in ombrotrophic peatlands
(Aerts et al., 1992; Clarkson et al., 2005), with inputs coming solely
from atmospheric inputs, both direct and indirect via rapid
weathering of atmospheric dust.

The fallout from two Late Holocene volcanic eruptions in North
Island, including the Taupo event, have been previously associated
with increased lake primary productivity at a distal site (Lake
Poukawa) in Hawke’s Bay (Fig. 1), and the authors concluded this
enhancement was likely to be driven by P (Harper et al., 1986). Our
data, involving five tephra/cryptotephra deposits, also indicate that
increased P input is likely to be the mechanism behind the increase
in C accumulation. This mechanistic explanation is evident from the



Table 3
Oxide contents of volcanic glass shards, expressed as mean weight percent (±1 sd), derived by electron microprobe analysis of glass from tephras and cryptotephras in core
MR2a.

Tephra SiO2 Al2O TiO2 FeOb MnO MgO CaO Na2O K2O P2O5 H2Oc n

Kaharoa 77.78
(2.27)

12.13
(1.17)

0.09
(0.14)

0.8
(0.73)

0.05
(0.05)

0.08
(0.25)

0.44
(0.74)

4.18
(0.42)

4.11
(0.43)

0.00
(0.04)

1.11
(0.96)

71

Tf6 63.09
(0.39)

14.46
(0.28)

1.12
(0.11)

6.52
(0.25)

0.12
(0.11)

2.07
(0.22)

4.93
(0.26)

3.78
(0.22)

2.79
(0.20)

0.25
(0.08)

1.37
(0.29)

22

Tf5 68.34
(1.77)

13.53
(1.15)

1.03
(0.16)

5.29
(0.94)

0.11
(0.06)

1.18
(0.31)

3.60
(1.03)

3.7
(0.24)

3.03
(0.81)

0.23
(0.05)

1.21
(0.37)

17

Tf4 66.38
(2.14)

14.61
(1.99)

0.92
(0.12)

4.58
(0.99)

0.07
(0.08)

1.06
(0.44)

3.70
(1.74)

4.05
(0.30)

3.32
(1.42)

0.20
(0.03)

2.04
(0.49)

6

Taupod 75.69
(0.82)

12.77
(0.29)

0.25
(0.06)

1.90
(0.30)

0.10
(0.07)

0.25
(0.06)

1.52
(0.19)

4.26
(0.31)

2.93
(0.37)

0.03
(0.02)

3.08
(1.52)

61

n, number of individual shards analysed in generating the mean.
a Data (normalised to 100% loss-free basis) are from Gehrels (2009). Analyses were acquired at the NERC Tephra Analytical Unit, University of Edinburgh, in February and

June 2007. Mean values for independently characterised laboratory standards, TB1G and Lipari, are available in Newnham et al. (2018).
b Total Fe expressed as FeO.
c ‘Water’ by the difference between the original analytical total and 100.
d Further electron microprobe analyses on glass from Taupo Tephra in Moanatuatua Bog are reported by Newnham et al. (2019, p. 384).
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stoichiometric ratios, which shifted towards greater P relative to C
and greater P relative to N at the time of deposition of Tp and Ka
tephras, and also at close to the inferred times of deposition of
cryptotephras Tf4, Tf5, and Tf6 (Fig. 9). Although we did not find
evidence of a change in absolute (numerical) P concentration, such
a change is not unexpected given that P is rapidly utilised and re-
cycled by peatland plants within the shallow surface layers of
bogs, moving up vertically through the peat (Wang et al., 2014).
Because of rapid re-cycling within the peatland ecosystem, P
accumulation rate is considered a more reliable indicator of P in-
puts than P concentration (Wang et al., 2015a). It was initially
speculated that there would be a net loss of P from ombrotrophic
bogs over time (Walbridge and Navaratnam, 2006) but this has
subsequently been shown not to be the case, with bogs displaying
net P accumulation very close to P inputs (Wang et al., 2015a;
Schillereff et al., 2016; Worrall et al., 2016) Moanatuatua is no
exception to this, with a rate of P accumulation almost identical to
the assumed long-term rate of P deposition, in our case taken to be
modern-day measurments from the far north of New Zealand
(Chen et al., 1985). In contrast to P, elements that are relatively
immobile and not biologically utilised, such as Pb, U, and Cu (Novak
et al., 2011; Mikutta et al., 2016), increased in absolute (numerical)
terms at times of high CAR (Supplementary Figure S3) and, more-
over, were positively correlated with CAR, increasing at the time of
the eruptive events.

As noted earlier, volcanic eruptions add nutrients through at-
mospheric deposition, including contributing P (Mahowald et al.,
2008), both directly through the deposition of compounds con-
taining PO4

3� that are derived from volcanic aerosols, and indirectly
through the addition of various acidic aerosols e which aid disso-
lution processes e and the P-bearing glass shards or pumice frag-
ments, and apatite crystals. Glass is very rapidly dissolved via
hydrolysis because it is thermodynamically unstable and, being
fragmental and often vesicular and porous, has a high surface area
to volume ratio and hence breaks down very quickly and at rates
closely proportional to geometric surface areas (Wolff-Boenisch
et al., 2004; Churchman and Lowe, 2012).

High concentrations of P can occur within eruptive plumes
(where it is rapidly oxidised including as PO4

3�), which is typically
related to the P content of the parent magma (Bergametti et al.,
1984; Mahowald et al., 2008; Roberts et al., 2019). Metal and
crystalline salts, along with volcanic aerosol-derived acids, are
adsorbed on volcanic particles as the eruption plume cools
(�Oskarsson,1980), and high concentrations of phosphoric and other
acid aerosols have been found adsorbed onto glass shards (Frogner
et al., 2001; Cronin et al., 2003), which are then rapidly released
upon contact with water. Therefore, either salts or phosphoric acid
aerosols generated during an eruption would provide an almost
instantaneous input of P into the ecosystem, along with hydronium
ions that will enact the dissolution of accompanying glass and
mineral particles deposited on the bog surface.

The indirect route for P to enter Moanatuatua Bog would have
been through the rapid weathering (dissolution) of volcanic glass
shards and apatite crystals, both in situ after deposition on the peat
surface, or earlier within the eruptive plume. Within the eruptive
plume, strong acids such as hydrofluoric acid can strip bases, such
as phosphate, from the glass and apatite particles, sometimes to
such an extent that the leachates can become effectively neutral-
ised (Dethier et al., 1981; Herre et al., 2007). Uranium, copper, and
lead are primarily mobilised this way through the chemical
‘enleaching’ of glass and crystal particles within the eruption col-
umn (Smith et al., 1982).

Glass shards from the rhyolitic Ka and Tp tephras, and from the
andesitic-dacitic Tf4, Tf5, and Tf6 cryptotephras, at Moanatuatua
Bog contain small or trace amounts of P (reported as P2O5) (Gehrels,
2009) (Table 3). As described earlier, volcanic glass can dissolve
very rapidly within the acidic bog conditions, releasing P (Le Roux
et al., 2006). Gehrels (2009) reported heavy pitting of glass shards
at Moanatuatua, particularly of the brown, andesitic to dacitic
shards (Tf4, Tf 5& Tf 6) which contain higher amounts of P than the
colourless rhyolitic shards (Table 3).

Although volcanic glass (including pumiceous forms) is over-
whelmingly predominant in the five tephras/cryptotephras in
Moanatuatua discussed above, these tephra/cryptotephra deposits
also contain the phosphate-group mineral, apatite, in small
amounts. Both Tp and Ka contain essential or accessory amounts of
apatite (Ewart, 1963; Lowe, 1988; Nairn et al., 2004). Further, nat-
ural spring waters fed from water passing through multiple Holo-
cene Taupo-volcano-derived tephras are enriched in P (Timperley,
1983). Cronin et al. (2003) reported that fluorapatite was depos-
ited during the 1995-96 eruptions of Mt Ruapehu, and the same
mineral is likely to have accompanied deposition from the Mt
Ruapehu-sourced Tufa Trig tephras identified in Moanatuatua Bog
by Gehrels (2009). Theweathering of apatite in volcanic soils is well
documented with even the relatively weak carbonic acid produced
from microbially respired CO2 able to mobilise phosphorus from
volcanically-derived apatite (Nanzyo, 2002; Dahlgren et al., 2004).
The stronger humic acids, which are abundant in peatlands,
together with the aerosolic acids deposited concomitantly with
glass and crystal particles during an eruption, can also facilitate the
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dissolution of apatite, making it available for biological uptake
(Lobartini et al., 1994); this can happen relatively quickly with the
combined presence of apatite and humic acids able to boost plant
growth in as little as 30 days (Lobartini et al., 1994). Naturally-
occurring apatite was found to completely dissolve within 20
years of deposition in a German raised bog (Le Roux et al., 2006),
and biotite was totally removed rapidly from the Kaharoa Tephra in
Kopuatai bog (Hodder et al., 1991).

The mean accumulation rate of P in Moanatuatua of 0.015 g m�2

yr�1 is remarkably similar to that of UK peatlands, 0.017 g m�2 yr�1

(Schillereff et al., 2016), and for rates measured in peatlands in
Ontario, Canada, 0.016 g C m�2 yr�1 (Wang et al., 2015a). However,
both the C:P (3448) and N:P (98) ratios are greater at Moanatuatua
than most values in resported in the litriture. For instance, a mean
C:P of 1405 and C:N of 40 was found for a range of UK bogs
(Schillereff et al., 2016), whereas a mean C:P of 2000:1 was found
for 400 peat profiles in Canada (Wang et al., 2015a). Moorehouse
bog in the UK is the exception to this with a C:P value at 30 cm
depth of 4240 (Worrall et al., 2016). The C:P ratio is thought to be so
low at Moorehouse because of the long history of sheep grazing at
the site and associated phosphorus removal from the ecosystem
(Worrall et al., 2016). At Moanatuatua the exceptionally low P
concentration could be due to the presence of cluster roots in the
dominant peat former, E. robustum, at Moantuatua, which are
known to be highly efficient at recovering P from organic matter via
carboxylate extrudation (Lambers et al., 2012, 2013). In Canada,
Wang et al., 2015a found a strong positive relationship (R2 ¼ 0.69)
between C and P accumulation rates, and a similarly strong rela-
tionship (R2 ¼ 0.76) between C and N accumulation rates. Here we
found even stronger relationships for CAR and P (R2 ¼ 0.90), and for
C and N accumulation rates (R2 ¼ 0.97) (Fig. 9), suggesting greater
control of CAR by nutrient inputs. This close relationship is perhaps
to be expected given both the shorter time period investigated and
the high variation in nutrient inputs attributed to the five tephra/
cryptotephra depositional events. However, the relationship could
also be a consequence of the weaker influence of climate on C
accumulation in the highly oceanic, mild climate of the North Island
of New Zealand. For example, metrics such as photosynthetically
active radiation summed over the growing season, purported to be
an important driver of long-term C dynamics in the Northern
Hemisphere (Gallego-sala et al., 2018), are less meaningful for the
present-day Moanatuatua where growth can occur year-round
(Campbell et al., 2014) and photosynthesis can be light-saturated
throughout most of the year (Goodrich et al., 2015).

During periods of rapid C accumulation, concentrations of ele-
ments taken up by plant growth, but not limiting to plant growth,
such as Mg and Ca, become depleted (Fig. 7). Although we are more
cautious in interpreting the variations in the abundance of these
elements as they are soluable and move around within the profile,
nevertheless changes in their concentration are consistent with
rapid peat accumulation (Wang et al., 2015a).

Our study adds to a growing body of literature showing the
importance of atmospheric inputs as a driver of C accumulation in
ombrotrophic bogs (Glaser et al., 2013; Fiałkiewicz-Kozieł et al.,
2016; Kylander et al., 2018). P deposition in the central North Is-
land of New Zealand, 0.040 g C m�2 yr�1 (Fish, 1976; Tipping et al.,
2014), is above the global average, and higher than rates of 0.015 g C
m�2 yr�1 in the far north of New Zealand (Chen et al., 1985) and it
should be noted that long term P accumulation at Moanatuatua
(0.015 g C m�2 yr�1) matches P deposition rates for the far north.
High fertiliser drift due to aerial topdressing has been found to alter
the nutrient dynamics and successional ecology of New Zealand
forests located less than 30 km from our study site (Stevenson,
2004). New Zealand is also experiencing elevated aeolian dust in-
puts because of land-use change in Australia (Brahney et al., 2019).
These local changes are part of a wider global trend of elevated P
deposition (Brahney et al., 2015) with almost half of
atmospherically-deposited P estimated to be derived from the
burning of fossil fuel (Wang et al., 2015b), and a significant amount
suspected to be from land-use change (Brahney et al., 2015). For
example, remote, alpine ecosystems in the western United States
have undergonemore than a fivefold increase in inputs of K, Mg, Ca,
N, and P since the start of the 19th century, which is attributed
primarily to increased agricultural activity (Neff et al., 2008).
Elsewhere, monitoring sites in Europe, located close to farmland,
register rates of P input which are an order of magnitude higher
than the global average (Tipping et al., 2014). In other instances,
human activities have caused an increase in dust inputs into eco-
systems (McConnell et al., 2007; Fiałkiewicz-Kozieł et al., 2016,
2020; Mullan-Boudreau et al., 2017), which implies greater atmo-
spheric deposition of P. Considering the sensitivity of CAR at
Moanatuatua Bog to periods of enhanced inorganic deposition from
tephra (and associated aerosol) fallout, we suggest that the high
rate of CO2 uptake in the present day (e.g. 69 g C cm�2 yr�1 for
Moanatuatua and 203 g C cm�2 yr�1 for Kopuatai as reported in
Ratcliffe et al., 2019) could be due to increased P inputs, potentially
from local and distant sources, but this hypothesis would need to be
verified through monitoring of present-day P deposition.

5. Conclusions

In the context of 21st-century changes to global nutrient cycling,
it is important to understand how peatlands have responded to
nutrient inputs in the past. We measured elemental accumulation
across a c. 1000 year period in a northern New Zealand bog span-
ning two large volcanic depositional events and three smaller
events. Volcanoes can deliver phosphorus to ecosystems through a
variety of mechanisms, and the presence of the phosphate-rich
mineral apatite and the presence of phosphorus within easily-
weatherable volcanic glass support the contention that volcanic
eruptions have been a source of elevated phosphorus inputs into
Moanatuatua Bog.

We found peatland carbon accumulation rates to be highly
coupled to nitrogen and phosphorus accumulation, with quite
consistent stoichiometric ratios being maintained, allowing CAR to
increase rapidly following ash deposition from eruptive events. All
the same, deposition of volcanic material coincided with small
shifts in stoichiometric ratios, indicating a greater abundance of
phosphorus during these times. Such events coincided with in-
creases in the concentration of tracemetals of volcanic originwith a
high affinity for organic matter such as lead, uranium, and copper,
providing evidence for acidic leaching of elements from volcanic
glass, either within the eruption plume or following deposition in
the peatland, or both.

We conclude that long-term carbon accumulation rates in New
Zealand bogs were, and likely still are, primarily constrained by
nutrients rather than direct climatic drivers such as temperature or
moisture availability. Similar findings, pointing to the pivotal role of
phosphorus in peatland C cycling in Japanese (Hughes et al., 2013)
and Swedish bogs (Kylander et al., 2018), suggests this phenome-
non could be widespread. It is notable that, despite a large number
of investigations, peatland long-term carbon accumulation has only
been found to have a relatively weak correlation with climatic
variables (e.g. the strongest climatic correlation found by Gallego-
sala et al., 2018 was an R2 of 0.2 for photosynthetically active ra-
diation summed over the growing season). This observation is in
stark contrast with the results presented here, and in a small
number of other studies, which have also considered past nutrient
inputs. Our results, and those of the aforementioned studies, show
that nutrients, phosphorus in particular, exert a strong influence on
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long-term peatland carbon dynamics. Phosphorus inputs, at least in
some peatlands, may exert a greater influence on peatland carbon
accumulation than direct climatic forcing.
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