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Abstract Intensive agriculture has the potential to
reduce soil carbon stocks in the years following initial
cultivation, although the magnitude and direction of
the effect can vary with ecosystem and management
factors. Agriculture can also shift the carbon chemistry
of soils via changes in crop plant chemistry, decom-
position, and/or soil amendments [e.g. black carbon
(i.e. charcoal)]. It is possible that soil carbon levels can
recover if intensive cultivation ends, but the factors
driving the extent and quality of this recovery are not
well understood. Here, we examined soil carbon pool
sizes and carbon chemistry >200 years after intensive
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cultivation by early Hawaiians. We compared soils
from an extensive pre-European-contact agricultural
field system with reference sites under similar modern
management. Sites were selected along a climate and
soil weathering gradient to investigate interactions
between historic land use and ecosystem proper-
ties, such as soil mineralogy, in driving soil carbon
recovery. Soil carbon content was measured from 0 to
30 cm depth, and carbon chemistry was assessed using
13C nuclear magnetic resonance spectroscopy. Over-
all, we found significantly lower soil carbon stocks in
pre-contact agricultural sites compared to reference
sites. Radiocarbon dating of bulk soil carbon showed a
trend toward older carbon in agricultural versus
reference soils, suggesting decreased retention of
newer C in agricultural sites. Radiocarbon dating of
macroscopic charcoal particles from under agricul-
tural field walls indicated that there were black carbon
inputs concurrent with pre-contact agricultural activ-
ity. Nonetheless, black carbon and carbonyl carbon
levels were lower in agricultural versus reference
soils, suggesting decreased retention of specific car-
bon groups in cultivated sites. Proteins were the only
biomolecule higher in abundance in agricultural
versus reference sites. Finally, there was an interacting
effect of soil mineralogy and historic land use on soil
carbon stocks. Whereas short range order (SRO)
minerals were positively associated with total soil
carbon overall, differences in soil carbon between
agricultural and reference soils were largest in soils
with high concentrations of SRO minerals. Our results
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indicate that the negative effect of agriculture on soil
carbon stocks can be long-lived, may be associated
with persistent changes in soil carbon chemistry, and
can vary with soil mineralogical properties.

Keywords Land use - Charcoal - Radiocarbon -
SOM - '*C NMR - SRO minerals - Nutrients - Tropical

Introduction

Intensive agricultural activity has the potential to
greatly diminish soil carbon (C) stocks over relatively
short time periods (Davidson and Ackerman 1993;
Poeplau et al. 2011), but the magnitude and direction
of the effect can vary greatly depending on prior cover
type, climate, soil characteristics, and farming prac-
tices (Don et al. 2011; Hartshorn et al. 2006; Powers
et al. 2011; van Groenigen et al. 2011). Initial loss of
soil C can result from aeration, increased decomposi-
tion, aggregate disruption, erosion, changes in soil
microbial communities, changes in plant productivity,
removal of plant biomass, and/or variation in the
chemistry and lability of crop plant inputs (Culman
et al. 2010; Krull et al. 2003; Solomon et al. 2007,
Sotomayor-Ramirez et al. 2009; van Wesemael et al.
2010; Zingore et al. 2005). While short-term effects
are often dramatic, agriculture can also have prolonged
effects on soil C stocks and C chemistry that last for
centuries after agricultural abandonment (Glaser et al.
2000; Solomon et al. 2007). After the end of intensive
agriculture soil C levels increase quickly in some sites,
but similar to C loss patterns, there is significant
variability in the rate and trajectory of C recovery
(Batlle-Bayer et al. 2010; Follett and Reed 2010;
McLauchlan et al. 2006; Su et al. 2009). Furthermore,
rates of C accumulation can decline over time such that
long-term soil C content remains below pre-agricul-
tural levels (Batjes and Sombroek 1997; Mann 1986).

Some of the variability in soil C loss and recovery at
the landscape-scale may be explained by ecosystem
gradients. In particular, differences in climate and soil
properties are likely to drive patterns in soil C recovery
after intensive agricultural activity. For example,
wetter sites can accumulate soil organic C (SOC)
more quickly after agricultural abandonment relative
to dry sites (Brye and Gbur 2010), likely because
higher plant biomass production quickly returns C to
soils (Dieckow et al. 2009; Roscoe and Buurman
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2003). Soil characteristics such as structure, allophane
content, surface area, extractable aluminum, and clay
content have also been related to rates of soil C
accumulation after agricultural abandonment (Krull
et al. 2003; McLauchlan 2006; Percival et al. 2000;
Richter et al. 1999; Skjemstad et al. 2008). Thus, long-
term recovery of soil C depends both on restoring C
inputs, and on mechanisms that control C retention
and loss in soils.

Agriculture can also change the chemistry of SOC,
with implications for long-term C storage and nutrient
cycling. First, the C chemistry of agricultural plant and
animal inputs to soils is likely to be more labile than
that provided by native vegetation (Helfrich et al.
2006). Second, disturbance of soil structure can lead to
increased decomposition and preferential losses of
labile C compounds, increasing the relative abundance
of chemically resistant compounds like alkyls and
aromatics (Solomon et al. 2007). Finally, there is the
potential for accumulation of black C (BC, i.e.
charcoal) in agricultural soils, because of BC inputs
from clearing and burning or direct amendments.
Black C amendments can contribute to sorption and
retention of ionic mineral nutrients, making this a
common practice in nutrient-poor soils (Glaser et al.
2002). Black C is thought to be relatively resistant to
decomposition (Schmidt and Noack 2000; Skjemstad
et al. 1996; Smith et al. 1973), so agricultural contri-
butions to this pool could represent a long-term soil C
sink. A well-studied example is the Terra Preta of the
wet Amazon, where natural fires are infrequent, but
soils have exceptionally high abundance of culturally
derived BC (35% of SOC) from pre-European-contact
agricultural activity (Glaser et al. 2000, 2001). So,
although agricultural activity can cause substantial
losses of soil C, there is also the possibility for relative
increases in a potentially long-lived BC pool.

Here, we examined the long-term legacy of pre-
European-contact Hawaiian agricultural activity on
soil C stocks and C chemistry across a gradient in
climate and soil mineralogy (Chadwick et al. 2003).
Intensive dryland agriculture in this area was practiced
by Hawaiian societies from ~ 1400 to the mid-1800s
AD (Field et al. 2011a, b; Ladefoged and Graves 2008),
with the area in cultivation restricted by rainfall at
the dry end of the gradient, and by low nutrient supply
and temperature at the wet end (Kirch et al. 2004;
Ladefoged et al. 2009, 2011a, b; Vitousek et al. 2004a).
The rainfall gradient is also strongly correlated with
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short range order (SRO) minerals, which comprise the
most reactive mineral component of these soils
(Chadwick et al. 2003). These minerals are metastable
nanocrystals formed from weathering of silicates and
ferromagnesian minerals, with high surface area
containing abundant hydroxyl groups capable of
sorbing large amounts of C. SRO mineral concentra-
tions along this gradient have been positively related
to background soil C storage and turnover times
(Torn et al. 1997).

The principal questions of this study were: (1) Is
there a long-term negative effect of intensive agricul-
tural activity on soil C storage? (2) Did pre-contact
Hawaiian agriculture promote a sustained shift toward
more chemically resistant soil C chemistry? (3) Does
recovery of soil C after intensive agriculture vary with
climate and/or soil characteristics? We predicted that
agricultural sites would be depleted in soil C relative
to uncultivated reference sites, but that agricultural
soils would have higher relative abundances of alkyl
and aromatic C chemical groups, including BC. We
expected that BC content of soils would be positively
related to soil nutrient levels across the study sites
because of sorption and retention of cations, which
would suggest an agricultural motivation for BC
amendments. Finally, we predicted that agricultural
sites in wetter areas with higher SRO mineral content
would recover soil C more quickly than drier, low-
SRO mineral agricultural soils.

Methods
Study sites

The rainfall and soil weathering gradient used in this
study is on the leeward side of Kohala Volcano on the
Big Island of Hawai’i (20.15N, 155.83W). Soil weath-
ering status is positively associated with precipitation
from 180—4,500 mm/year MAP up the leeward side of
Kohala volcano (Chadwick et al. 2003; Porder and
Chadwick 2009), and SRO mineral content increases
with rainfall up to about 2,000 mm/year (Chadwick and
Chorover 2001; Chadwick et al. 2003). The rainfall
gradient impinges on two ages of basaltic lava flows: a
younger (0.23-0.12 Ma: Hawi) (Spengler and Garcia
1988) and an older formation (0.46-0.26 Ma: Pololu)
(Chadwick et al. 2003), providing different soil weath-
ering levels at similar rainfall.

A Hawaiian dryland agricultural system covers at
least 60 km? of leeward Kohala, extending from 700
to 1,700 mm MAP over approximately 8° slopes, with
similar dryland agricultural systems scattered across
the younger Hawaiian Islands (Ladefoged et al. 2011a;
Vitousek et al. 2004a). While this relatively dry area
was low in potential yields compared to areas used for
irrigated agriculture, population growth, increased
population density and surplus demands from 1400 to
1800 ap increased reliance on dryland agriculture
(Kirch et al. 2004; Ladefoged and Graves 2008).
Sweet potato was the most important crop in the
dryland system; dryland taro, yams, and sugar cane
also were cultivated. The soil was worked (mounded)
with digging sticks, and substantial agricultural infra-
structure (cross-slope field walls) was constructed.
Fertilization was not practiced; the importance of
mulching from outside the system is unknown. The
use of fire as an agricultural practice is also unknown.
There were no legume crops, and no candidate
herbaceous legumes that might have been used as
cover/fallow crops. There was likely a short, managed
fallow period. Maps and photos of the field system and
surrounding area have been published previously
(Ladefoged and Graves 2008).

Current land use and plant cover are similar on the
pre-contact Hawaiian agricultural sites and on uncul-
tivated reference sites. Active pastures with buffel
grass or kikuyu grass (Cenchrus ciliaris or Pennisetum
clandestinum, both exotic to Hawai’i) currently dom-
inate from 500 to 2,000 mm MAP across the study
region (Pratt and Gon 1998), with most of the area on
and off of the pre-contact agricultural sites in active
pasture since the mid- to late 1800s. Thus, this study
looks specifically at agricultural abandonment fol-
lowed by pasture, as opposed to abandonment fol-
lowed by growth of unmanaged ecosystems.

Pre-European-contact vegetation across the study
area varied with rainfall, and was primarily C3 trees
and shrubs, including Acacia koa, Chenopodium
oahuense, Dodonea viscosa, Erythrina sandwicensis,
Metrosideros polymorpha, Santalum spp., Sida spp.,
Sophora chrysophylla, and Wikstroemia spp., with
some C4 grass in the understory, including Heteropo-
gon contortus and Eragrostis variabilis; grasses
declined in importance at higher rainfall (Chadwick
et al. 2007). Wildfire frequency in the native ecosys-
tems is thought to have been low, although cooler and
drier climates in the past supported Pleistocene-era
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fires nearby (Hotchkiss et al. 2000). Modern wildfires
in the study area and in other dry Hawaiian sites have
increased dramatically in the past 5-10 decades
because of the spread of exotic grasses (Ainsworth
and Kauffman 2010; D’Antonio et al. 2001; Smith
2010).

We developed an explicit comparison using three
categories of land use, including: (1) soils from
modern pastures that lay within the historically
intensified agricultural region of leeward Kohala, (2)
modern pasture areas in the same region with similar
rainfall as the pre-contact agricultural sites, but in
areas minimally influenced by Hawaiian land use, and
(3) buried soils under field walls in the historic
agricultural area. Field walls consisted of earthen or
rock embankments which were built by Hawaiians
above the existing soil surface in agricultural fields,
such that the under-wall soil is buried and hence
protected from near-surface processes. The process of
making the walls may have stripped some surface soil
material out of the fields. Under-wall buried soils have
retained elevated nutrient concentrations relative to
agricultural fields, and for low-mobility elements have
been used as a proxy for soil conditions at the initiation
of agricultural intensification (Meyer et al. 2007).
Soils buried under agricultural walls were used here
primarily to provide evidence of charcoal production
or input to soils associated with the inception of
agricultural activity.

Rainfall levels for all sites were identified using
GPS coordinates and interpolated rainfall values from
the Hawai’i Rainfall Atlas (Giambelluca et al. 1986).
Reference sites with rainfall comparable to agricul-
tural sites had higher average elevation (905 % 98 vs.
659 + 41 masl, respectively), reflecting the upper
elevation temperature threshold for agriculture in this
area (Lee et al. 2006). Thus, the reference pasture sites
used here had similar rainfall but were cooler
compared to the agricultural sites, explaining why
they remained uncultivated.

Overview of soil carbon characterization method

We used direct polarization (DP) 13C nuclear magnetic
resonance (NMR) spectroscopy to characterize and
quantify C chemical groups in soils. Black C was of
particular interest in this study, and its abundance is
notoriously difficult to quantify in mineral soil, with
most common methods likely missing some portion of
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BC (Hammes et al. 2007). The NMR method used here
directly measures bridgehead C rather than a proxy or
marker, and thus captures the broadest range of BC
morphologies from microscopic soot to large wood
charcoal. However, DP '>*C NMR used alone does not
have the ability to resolve BC-derived aromatics from
lignin or other aromatic biomolecules. To overcome
this problem, C functional groups observed by '*C
NMR were attributed to constituents of SOC using a
molecular mixing model (Baldock et al. 2004). The
molecular mixing model iteratively determines the
linear combination of six major SOC constituents
[carbohydrate, lignin, lipid, protein, charcoal (BC),
and carbonyl] that best fit the integrated regions of the
NMR spectra. Recent analyses suggest that SOC,
rather than consisting of recondensed supermolecules
as previously thought (Stevenson 1994), is actually
dominated by smaller biological molecules in various
stages of decomposition (Kelleher and Simpson 2006;
Lehmann et al. 2008; Sutton and Sposito 2005). If this
model of SOC is valid, the six components in the
mixing model accurately represent the mixture of
biomolecules present in soil.

Soil sampling

We collected bulk soils from one transect on each
geological formation (substrate age) in early Hawaiian
agricultural sites and in uncultivated reference sites.
Soil was collected from 0 to 30 cm depth from pits
along each transect, with 34 sites on the younger lava
flow and 16 on the older lava flow. Samples were air
dried, sieved to 2 mm, and ground in glass vials using
a jar mill. The sampling transects avoided areas of
known modern wildfire (Smith 2010). These soils
were used to assess bulk soil C stocks and chemistry.
In addition, macroscopic charcoal particles were
collected separately from bulk soil samples under
historic agricultural walls in a core area of the field
system (1,050-1,300 mm/year) for radiocarbon
dating.

Soil bulk density was measured in six pits on the
younger lava flow and seven pits on the older lava
flow, spanning the precipitation gradient. Bulk density
was measured on soil clods collected behind the face
of soil pits using water displacement after coating
clods with saran (Blake and Hartge 1986). For both
geological formations, bulk density declined signifi-
cantly and linearly with precipitation (R* = 0.75 for
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the younger flow, R* = 0.83 for the older flow),
reflecting large increases in soil organic matter at
higher rainfall. To calculate soil C stocks at sample
points between bulk density pits values were interpo-
lated using a linear regression for each geological
formation.

Soil carbon chemical characterization

Prior to analyzing soil C chemistry with '>*C NMR we
removed mineral and glass fractions from soil using
hydrofluoric acid to concentrate SOC and improve
spectroscopic characterization of C. Soils were treated
with hydrofluoric acid following the methods in
Gelinas et al. (2001). Approximately 5 g of soil were
dried at 60°C under vacuum and then gently shaken in
1% HCI to remove CaCOs. This initial step was done
in duplicate to account for CaCO5-C lost via CO, off-
gassing, and to measure C removed in the floatable
fraction. The HCI treatment removed an average of
14.5 4+ 0.01% of total soil mass (n = 44), and the
floatable fraction accounted for essentially all of this,
such that total mass recovery was 99 + 1% (n = 23)
after this step. The other duplicate was then shaken
with 10% v/v hydrofluoric acid in 1 N HCI for 24 h,
repeated three times, rinsed with deionized water three
times, dried under vacuum at 60°C, weighed, and
ground with a mortar and pestle. Bulk soils (pre- and
post-treatment) and floatable fractions were analyzed
for C and nitrogen (N) on a Fisons/CE NA 1500 Series
2 Elemental Analyzer using alanine as a standard.

As expected, the pre-treatment with HCI and the
hydrofluoric acid treatment led to losses of soil mass
and some C and N. After acid treatments and the
removal of mineral and glass fractions, total soil mass
was reduced to 15 £ 1% (n = 44) of starting mass. In
these high SRO mineral (i.e. low density) soils, the
floatable fraction was not significantly higher in C and
N relative to the remaining soil pellet (i.e. not richer in
organic matter), as is generally true for low density
soil fractions (Trumbore and Zheng 1996). The loss of
C to CO, off-gassing during HCI treatment was small,
accounting for 0.6 & 0.1% (n = 22) of soil mass.
Dissolution of some C and N during the hydrofluoric
acid treatment is common (Gelinas et al. 2001), and
here an average of 80 £ 4% of N, and 71 & 3% of C
were retained after this step. Total retention after all
treatments (including “loss” to the floatable fraction)
was 72 + 4% of N and 63 £ 5% of C (n = 43).

Direct polarization '>C NMR was conducted on a
300 MHz (University of California—Santa Barbara,
CA) Varian/Chemagnetics Infinity CMX nuclear
magnetic spectrometer (Varian NMR, Fort Collins,
CO). Magic angle spinning (MAS) frequency was
10.5 kHz using a 5 mm HXY MAS probe. Approx-
imately 60 mg of treated soil was packed in 4 mm
(outer diameter) zirconia rotors sealed with a Kel-F
cap (Bruker BioSpin, Billerica, MA). Spectra were
acquired following a 30° '*C excitation pulse with a
5 s recycle delay (D1) between acquisitions, two-
pulse phase-modulation (TPPM) decoupling, and a
pulse length of 1.2 ps. A spectral width of 803 ppm
was used, and the number of scans ranged from 1,800
to 10,500 to maximize the signal:noise ratio for each
sample. A background (empty rotor) signal was
subtracted from the spectra to remove signal from C
in the NMR probe and rotor (Smernik and Oades
2001a). The chemical shift (i.e. resonant frequency) of
the spectra was referenced to adamantane as an
external standard. Spectra were digitally processed
with 100 Hz line broadening, a Fourier transforma-
tion, exponential function apodization, and phase
correction on Spinsight 4.2.1 software (Varian NMR,
Fort Collins, CO). Spinning side bands were
accounted for as in Smernik and Oades (2001b). Spin
counting was conducted to compare the carbon-
normalized signal intensity detected in each sample
to that of a well-characterized external standard
(Smernik and Oades 2000), in this case pure cellulose
(Sigmacell cellulose type 101, Sigma-Aldrich). Spin
count observability was 74 £ 5% (n = 44).

Peak areas were integrated under the following
seven chemical shift regions for input to the molecular
mixing model (described above): 0—45 (alkyl), 45-65
(N-alkyl/methoxyl), 65-95 (O-alkyl), 95-110 (di-O-
alkyl), 110-145 (aromatic), 145-165 (phenolic), and
165-220 ppm (amide/carboxyl). The molar N:C ratio
of each sample was used to constrain the protein
concentration in the molecular mixing model (Baldock
et al. 1992; Duncan 1987). Constraining the mixing
model with soil N:C ratios may have slightly skewed
our results toward higher protein assignment because
of the inclusion of mineral N in this ratio, although this
pool is generally small relative to total soil N concen-
trations (Chapin et al. 2012). Using this ratio likely
provides a good indication of broad-scale patterns in
SOC chemistry. Molecular mixing model fits including
all six biomolecules described >95% of spectral
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distributions for all samples, and were better fits than
models eliminating one to three components. Dipolar-
dephasing provided a conservative and independent
confirmation of BC measurements made here (Cusack
et al. 2012). In total, 44 hydrofluoric acid-treated soils
were analyzed using DP '*C NMR for this study.

Soil mineralogy, nutrients and radiocarbon content

Short range order minerals (primarily allophane and
ferrihydrite) were measured in all bulk soils. We used an
ammonium oxalate extraction as described in Parfitt and
Henmi (1982) with modifications as noted. Approxi-
mately 0.5 g of soil dried under vacuum at 60°C was
extracted in 30 mL of 0.2 M ammonium acid oxalate
solution (pH 3), put on a shaker in the dark for 4 h, and
centrifuged. The supernatant was decanted and the
remaining pellet was dried under vacuum at 60°C until
weight stabilized. The difference between initial and
final weight was used as the SRO mineral content (i.e.
acid-oxalate extractable). Soil cation exchange capacity
(CEC), resin phosphorus (P), and extractable base
cations including potassium (K'), sodium (Na™),
calcium (Ca®"), and magnesium (Mg2+), were mea-
sured using the procedures in Vitousek et al. (2004b).

To investigate the effect of agriculture on soil C
age, a subset of 15 bulk soils with varying BC content
as determined by '>°C NMR were measured for A'*C at
the Center for Accelerator Mass Spectrometry
(CAMS) at Lawrence Livermore National Laboratory
following sample graphitization. Fraction modern
(FM) radiocarbon values were corrected for back-
ground and &'°C before calculating radiocarbon age in
years before present (BP) (Stuiver and Polach 1977).
Radiocarbon ages for 15 individual pieces of macro-
scopic charcoal collected from under agricultural field
walls were measured similarly.

Statistical analyses

To assess differences in soil C pools and C chemistry
in early Hawaiian agricultural sites versus reference
pasture sites, we compared the three landscape-scale
locations sampled (i.e. pre-contact agricultural fields
currently in pasture, under field walls, and unculti-
vated reference sites also currently in pasture) using
Fisher’s Least Significant Difference (LSD) means
comparisons. Predictors of soil C content and chem-
istry were evaluated using analysis of covariance
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(ANCOVA) on the following datasets: rainfall, ele-
vation, geological formation (substrate age), SRO
mineral content, soil nutrient levels, and location type
(under walls, pre-contact agriculture, and unculti-
vated). Analyses were performed using 8.0.2 JMP
software (SAS Institute Inc., 2010). Gaussian error
propagation was used where appropriate. Unless
otherwise noted, statistical significance is p < 0.05,
and means are reported + one standard error.

Results
Soil carbon in early Hawaiian agriculture fields

The age of individual pieces of macroscopic charcoal
collected from under historic agricultural field walls
ranged from 130 to 670 years BP, and had a positive
relationship with rainfall (R2 =057, n=15, p<
0.05), with the oldest charcoal under walls in wetter
sites (Fig. 1). Preservation of the macroscopic charcoal
that falls into this recent age range is a strong indicator
that some BC inputs were associated with Hawaiian
agricultural activity, and also suggest a historic expan-
sion of agriculture into relatively drier sites.

Soil C stocks were significantly lower in Hawaiian
agricultural fields relative to uncultivated reference
sites (Fig. 2A). Soil C concentrations were 9.3 £
1.2% in reference pasture soils, 6.1 £ 0.6% in pre-
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Fig. 1 Radiocarbon ages of macroscopic charcoal particles
from under historic agricultural field walls show a positive
correlation with rainfall (R2 = 0.57, n = 15, p < 0.05). This
relationship likely reflects the historic expansion of Hawaiian
agriculture into drier areas, and indicates inputs of black C
concurrent with agricultural activity. Note that data are from a
core portion of the field system, and do not span the entire
rainfall range of agricultural activity
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contact agricultural fields, and 5.6 & 0.5% under field
walls (n = 11, 19 and 14, respectively, p < 0.05 for
reference versus agricultural soils). These differences
did not produce significant differences in C:N ratios or
bulk density (Table 1). Radiocarbon dating of bulk
soils gave a trend toward older A'*C values (i.e. more
negative) in pre-contact agricultural fields versus
uncultivated sites (Table 1, p = 0.1), with the oldest
soil C under agricultural field walls (Fig. 2B). These
bulk soil radiocarbon ages were significantly older
than the individual pieces of macroscopic charcoal
from under walls, likely because bulk radiocarbon
ages reflect the integrated age of all C in the soil, much
of which must have originated well before Hawaiian
agricultural activity. Also, the bulk soil radiocarbon
measurements capture the entire BC pool, so this
finding is not an indication that all BC is younger than
bulk SOC. For this dataset, bulk soil radiocarbon ages
on and off fields were not significantly correlated with
the abundance of any C chemical group in particular.

There was a significant interaction between soil
mineralogy and historic land use in the analysis of
soil C levels. SRO mineral content was significantly
correlated with soil C concentrations both on and off
of historic agricultural fields, but there was a steeper
positive correlation between SRO minerals and soil C
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Bulk Soil Radiocarbon Age (years BP)

for uncultivated reference soils versus pre-contact
agricultural soils (Fig. 3). Thus, the greatest difference
in soil C concentrations between agricultural and
uncultivated soils was in high-SRO mineral soils in
wetter sites, in contrast to our prediction that wetter
sites would have improved soil C recovery. Rainfall
and elevation were not significant factors in ANCOVA
for soil C concentrations, but both covaried strongly
and positively with SRO mineral concentrations, such
that pairwise correlations with soil C concentrations
were significant (Supplementary Materials). There
were no differences in SRO mineral concentrations
between agricultural and uncultivated sites, nor
between the two geological formations. Substrate
age (i.e. lava flow) was not a significant factor in
ANCOVA for soil C concentrations, so data from both
geological formations were pooled for these analyses.

Soil carbon chemistry

The relative abundances (C compound/total SOC),
and total concentrations of several C biomolecules
were different in pre-contact agricultural soils versus
reference soils. Despite the evidence for pre-European
charcoal under walls (Fig. 1), BC did not represent a
greater fraction of SOC in agricultural fields relative to
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Fig. 2 Total soil C content and bulk soil radiocarbon ages are
shown for the study sties. A Soil C stocks from 0 to 30 cm depth
are compared for three sampling locations: (1) reference pasture
sites which were not part of the early Hawaiian agricultural
system (Reference pastures, n = 11); (2) modern pasture sites
within the known area of pre-contact Hawaiian agricultural
activity (Historic ag. sites, n = 19); (3) under historic agricul-
tural field walls (Under ag. walls, n = 14). B The radiocarbon

ages of bulk soil carbon from 0 to 30 cm depth are compared for
the same three sampling locations (Reference pastures n = 4,
Historic ag. sites n = 7, and Under ag. walls n = 4). Reference
pasture sites used here were within the same rainfall range as the
historic agricultural field system (700-1,700 mm), and there
was no rainfall bias among the sample groups. Letters show
results from Fisher’s LSD tests (p < 0.05)
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Table 1 Soil chemistry and characteristics
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Bulk density

(g/em’)

A™C of bulk
Soil*(%o)

Soil C:N

Carbonyl Lignin Lipid Protein

Carbohydrate
(% of SOC)

Black C

n

Sampling
location

(% of SOC) (% of SOC) (% of SOC)

(% of SOC)

(% of SOC)

0.69 £+ 0.02
0.71 £ 0.02
0.64 £ 0.04

—102.9 £ 52.0%
—237.9 4 29.0°
—35.4 + 20.8°

11.6 +£ 0.3*

302 + 1.0°
36.4 + 1.1

9.1 £ 1.0
1.1 £ 1.7

73+ 1.3*

16.1 £ 2.3%
10.8 &+ 1.6°
21.5 + 3.9

20.8 £ 1.3
178 £ 1.9
18.8 +£2.3

164 + 0.6°
212 4+ 247

19
14

11

Historic ag. sites

9.7 £03°
11.0 £ 0.5°

2.6+ 14°

Under ag. walls

263 £ 1.1°

83+ 1.2

7.6 £ 1.3*

18.1 £ 1.0%
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agricultural areas (Reference pastures). The relative abundance of each C biomolecule is shown as a percentage of total SOC (i.e. C compound/SOC). Reference pastures were
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Fig. 3 The correlation between soil C concentrations and SRO
mineral concentrations is shown for reference pasture sites
(open symbols and dashed line, R?> =0.88, n = 12), and for
sites within the area of pre-European-contact Hawaiian agricul-
tural activity (filled symbols and solid line, R>=0.68,n = 19).
The interaction between land use history and SRO mineral
content was significant, with soil C concentrations increasing
more steeply in response to SRO minerals in reference sites than
in early Hawaiian agricultural sites

reference sites. In fact, BC abundance was lowest in
the agricultural fields, highest under agricultural field
walls, and intermediate in reference sites (Table 1).
Scaling abundance up to percent of soil weight, BC
concentrations were significantly higher in reference
soils versus pre-contact agricultural soils (1.6 £ 0.2
vs. 1.0 £ 0.1%, respectively, p < 0.05). The relative
abundance of carbonyl was also higher in reference
soils versus pre-contact agricultural soils (Table 1),
and carbonyl concentrations were similarly higher in
reference sites versus pre-contact agricultural sites
(1.7 £ 0.2 vs. 1.0 & 0.1%, respectively, p < 0.05).
Lignin abundance was lowest under walls (Table 1),
likely reflecting diminished inputs of new structural
tissues from plants to these buried soils. Lignin
concentrations were higher in reference soils versus
agricultural soils (0.7 £ 0.1 vs. 0.4 £ 0.1%, respec-
tively, p < 0.05). In contrast, protein abundance was
significantly lower in reference soils versus pre-
contact agricultural sites, with the highest protein
abundances under field walls (Table 1). However,
total protein concentrations were not significantly
different between reference soils and agricultural soils
25+£04 vs. 1.8 £ 0.2% on agricultural fields).
Thus, proteins were the only biomolecule with higher
abundance in pre-contact agricultural soils compared
with reference sites, but the concentrations of all
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biomolecules were lower or the same in agricultural
soils compared with reference soils, reflecting overall
smaller soil C pools on the pre-contact agricultural
fields.

Proteins were the most abundant C group across the
study area, followed by carbohydrates, BC, carbonyl,
and lignin, with lipids comprising the smallest
proportion of SOC (Table 1). There were several
broad environmental patterns in soil chemistry both on
and off fields (Supplementary Materials). In particular,
carbohydrate abundance was positively correlated
with rainfall and SRO mineral concentrations. Lipid
abundance was also positively correlated with rainfall,
whereas carbonyl abundance was negatively corre-
lated with rainfall.

Soil nutrients

There were very few differences in soil nutrients in
pre-contact agricultural soils versus reference pasture
sites. Soil base cations were higher under field walls
than in the agricultural fields, while levels in reference
sites were often intermediate (Appendix 1). The
exception was Na®, which was significantly higher
in agricultural fields and reference sites than under
walls. Exchangeable Ca*", Mg”", resin P, and CEC
were all higher under agricultural walls than in
agricultural field sites, and under-wall Ca®* and resin
P were also significantly higher than in reference sites
(Appendix 1).

There were several broad-scale ecosystem patterns
in soil nutrients (excluding under-wall samples),
although BC abundance and concentrations were not
correlated with any soil nutrients, in contrast with our
prediction (Supplementary Materials). Significant
predictors of soil nutrients included rainfall (predictor
for C, N and base saturation), SRO mineral concen-
trations (C, N, CEC and base saturation), and substrate
age (Mg>" and resin P). Rainfall tended to have a
negative effect on base cations, whereas SRO mineral
content had a positive effect, and because SRO
minerals increased with rainfall across these sites
(R2 = 0.70, n = 30, p < 0.05, Supplementary Mate-
rials), these two effects counteracted each other and
there were not strong net changes in base cations
across the gradient. In contrast, there were significant
trends for CEC, which increased both with C concen-
trations (R2 = 0.59, n = 30, p < 0.05) and with SRO
mineral content (R2 = 0.67, n = 30, p < 0.05). Soil

pH declined with rainfall from 7.8 at 700 mm MAP to
4.6 at 1,700 mm MAP (R* = 0.50,n = 30, p < 0.05),
and was significantly positively correlated with resin
P, K", Ca’" and base saturation (Supplementary
Materials). Soil pH was not significantly different
among the three sampling locations.

Discussion

We observed 26 £ 12% lower average soil C content in
pre-European-contact agricultural areas relative to
reference pasture sites >200 years after the end of
intensive cultivation. Depletion of soil C is a common
effect of prolonged agricultural activity, with lower
levels of soil C persisting for up to 100 years in other
(sub)tropical and grassland ecosystems (Dalal and
Mayer 1986; Davidson and Ackerman 1993; Solomon
et al. 2007). Such persistent changes could be explained
by increased losses of C during cultivation, and/or
decreased ability of post-agricultural soils to retain new
C. The C chemistry of inputs from crop plants to soils
was likely more labile and easily decomposed com-
pared to the woody vegetation that would have occurred
off of agricultural sites during the period of cultivation,
or to the exotic grasses that have occupied all of the sites
for the past 1004 years (Chadwick et al. 2007; Helfrich
et al. 2006). Increased lability of C inputs during
cultivation, in addition to being easily decomposed,
could also have had a priming effect, in which added
labile C promotes decomposition of pre-existing SOC
in soils (Fontaine et al. 2004). These effects, together
with soil disturbance and biomass removal, could have
led to higher soil C losses during cultivation in early
Hawaiian agricultural sites.

The older radiocarbon ages of bulk soils in agricul-
tural sites also suggests that they may have a decreased
capacity to store newer C. For example, disruption of
soil aggregates during cultivation can both promote soil
C losses, and decrease subsequent retention of newer C
if aggregate reformation is limited (Denef et al. 2007;
Noellemeyer et al. 2008; Rasmussen et al. 2005; Six
et al. 2000). The observed retention of older C in the
Hawaiian agricultural soils is likely indicative of long-
term physiochemical protection via surface adsorption
with SRO minerals (Parfitt 1980; Torn et al. 1997; Yuan
et al. 2000). Thus, the older and smaller soil C pools in
agricultural versus reference sites could have resulted
from an intermittent change in C inputs during
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agricultural activity, increased losses of SOC that had
weak/no associations with mineral surfaces, and
reduced capacity to store additional C post-agriculture.

Our data also suggest persistent effects of agricul-
ture on soil C chemistry, addressing our second study
question. Pre-contact agricultural soils had a higher
relative abundance of proteinaceous SOC, whereas
uncultivated sites had relatively higher BC and
carbonyl C. A recent review suggested that proteins
may play a central role in organo-mineral associations
by reacting directly with polar surface groups on
minerals, thereby increasing the surface hydrophobic-
ity and promoting further adsorption of SOC via
hydrophobic interactions (Kleber et al. 2007). Thus,
proteins or proteinaceous SOC could be retained on
mineral surfaces even when other C groups are lost,
particularly those adsorbed to mineral surfaces via
protein interactions. Carbonyl groups, which represent
SOC at advanced stages of microbial decomposition
(Baldock et al. 2004), were lower in abundance in
agricultural versus reference soils, possibly indicating
decreased adsorption of this C group. Alternately, the
higher abundance of proteins in the pre-contact
agricultural soils may be indicative of relatively
higher microbial biomass and/or recycling of micro-
bial bodies in these lower-C soils. Complementary to
our results, Solomon et al. (2007) observed higher
relative abundances of alkyl C compounds after
prolonged agricultural activity in a South African
grassland and in a Kenyan forest. Our data may point
to a similar phenomenon since proteins are rich in
alkyl C (Skjemstad et al. 1983). These results suggest
that proteinaceous C may be more strongly protected
and resistant to disturbance relative to other C groups,
possibly via sorption to SRO minerals.

Contrary to our prediction, we did not see higher
levels of BC in agricultural versus reference soils,
despite the elevated abundance of BC under agricul-
tural walls. However, the BC under walls provided
evidence that there was some input of BC associated
with agriculture, at least during the early periods of
cultivation (i.e. shortly before construction of walls).
Our radiocarbon data for macroscopic charcoal parti-
cles from under field walls show a clear positive
correlation between under-wall charcoal age and
precipitation, suggesting that agricultural activity in
this area spread from relatively wet, less marginal sites
at higher elevation on leeward Kohala, to drier, poorer
sites at lower elevation. At the scale of the entire field
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system, additional radiocarbon data (Field et al.
2011b; Ladefoged and Graves 2008) and recent light
detection and ranging (LiDAR) analysis indicate that
the central core of the field system was first occupied
in the fifteenth century and underwent both expansion
and intensification (Ladefoged et al. 2011b). Most of
the agricultural development in the less optimal zone
of the field system occurred somewhat later, probably
after ap 1650. The black C input to fields may have
been associated with initial clearing or swidden
agriculture at these sites. Despite this evidence for
agriculture-related BC inputs to the field systems, the
mechanisms driving overall lower soil C in the post-
agricultural sites may also have driven lower BC
retention. Disruption of aggregate structure and
increased water flow through cultivated soils may
have promoted losses of BC in particular relative to
other C chemical groups, since this low density C
group is highly susceptible to erosion and aqueous loss
from soil (Czimczik and Masiello 2007; Hockaday
et al. 2006, 2007). Although agricultural activity
appears to have had a long-term effect on the
chemistry of SOC, it does not seem that this shift
represents overall retention of more chemically resis-
tant C groups, as was predicted. Rather, C biomole-
cules appear to have changed in independent ways
with agricultural activity, reflecting their specific
biological and physical characteristics.

At the broader scale, we observed relatively high
abundances of BC across the study sites (16—-18% of
SOC), similar to patterns observed across this land-
scape above and below the agricultural field system
(Cusack et al. 2012). These high BC levels could have
resulted from the relatively new wildfire regime
introduced by exotic grasses (Smith 2010). Although
the transects used in this study avoided areas of known
recent wildfire, the frequent strong winds in leeward
Kohala provide high potential for long-distance trans-
port and deposition of BC across the landscape
(Kuhlbusch et al. 1998; Rodionov et al. 2010). Thus,
pre-contact inputs of BC may not have been retained in
agricultural sites, they may have subsequently been
obscured by increased modern inputs of BC to the area,
and/or agriculture may have had a negative effect on
the capacity for these soils to retain BC in particular.

We did see an interacting effect of soil mineralogy
and pre-contact agricultural activity on soil C concen-
trations. However, contrary to our prediction, the
largest differences between agricultural and
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uncultivated soil C were in the wetter, higher SRO
mineral soils. The observed interaction between SRO
mineral concentrations and past land use could have
resulted from what has been termed the “baseline
effect,” which suggests that sites with higher initial
soil C lose a larger fraction of that C upon cultivation
versus sites with lower initial soil C (Goidts et al. 2009;
Mann 1986; Zingore et al. 2005). This effect could
have led to the apparently unequal recovery of soil C
across the gradient if the C-rich soils at high rainfall
initially lost a greater fraction of stored C, and have
subsequently changed at a similar pace as drier soils.
Alternately, agriculture may have disrupted mecha-
nisms by which SRO minerals promote soil C storage.
SRO minerals have high reactive surface area and pH-
dependent charge, which can favor both physical
protection of C on mineral surfaces (Parfitt 1980; Yuan
et al. 2000), and formation of aggregate structures
(Rasmussen et al. 2005; Six et al. 2000). Changes in
soil wetting and drying cycles because of mixing and
physical disruption during cultivation could have
affected mineral formations (Schwertmann and Taylor
1989), potentially driving reorganization of SRO
minerals with a loss of C (i.e. ejection of C from the
SRO mineral nano-crystals). Agricultural activity is
also well known to disrupt aggregate structures, with
subsequent soil C losses (Six et al. 2002). While we did
not see differences in SRO mineral concentrations in
agricultural versus uncultivated sites, it is possible that
the nature of SRO mineral-SOC relationships was
altered because of agricultural activity.

Finally, we did not see significant differences in soil
nutrients between agricultural and uncultivated sites,
and we saw no relationships between BC (or any other
C chemical group) and soil nutrient levels. There was
no evidence that BC drove nutrient retention in these
soils, as appears to be the case in some highly
weathered tropical soils amended with BC (Glaser
et al. 2002). Rather, we found strong relationships for
most of the soil nutrients with SRO minerals,
suggesting that mineral reactions drive nutrient reten-
tion in these soils. Nutrients were elevated under field
walls, likely indicative of pre-agriculture conditions
(i.e. prolonged agriculture led to depletion of soil
nutrients) (Vitousek et al. 2004b), and/or reduced
leaching due to changed water balance under walls
over the past >200 years. Overall, we saw long-term
negative effects of agricultural activity on soil C
stocks with sustained differences in soil C chemistry,

but we did not see links between these changes in soil
C and the distributions of other soil nutrients.

Conclusion

The data presented here provide evidence for long-
lasting negative effects of intensive agriculture on soil
C storage, with associated changes in SOC chemistry.
Diminished C pools in pre-contact agricultural soils
had older radiocarbon ages, suggesting a decreased
capacity for post-cultivation soils to retain modern C
inputs. In particular, black C and carbonyl C were
lower in historically cultivated soils, whereas protein
abundance was higher, indicating that proteins may by
more stable in disturbed soils than other C groups.
Decreased retention of black C in particular may be
related to disruption of soil structure with cultivation,
and increased erosional losses. We saw no evidence
that black C affected soil nutrient status, and it remains
unclear whether black C inputs to soils that we
radiocarbon dated to the time of early Hawaiian
agriculture were incidental, or were associated with an
active management strategy. We did observe interact-
ing effects of soil mineralogy and pre-contact agri-
cultural activity on modern soil C content, with
high-SRO mineral soils apparently exhibiting greater
loss and/or decreased recuperation of soil C relative to
background levels. Disruption of organo-mineral
associations by intensive agricultural activity is an
area that merits further investigation.
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