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Estimating the oxidative ratio of UK peats and agricultural soils
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Abstract
Organic matter in the terrestrial biosphere has a fundamental role in moderating the exchange
of CO, between the atmosphere and the biosphere. One important property of organic matter
is its oxidative ratio (OR); that is the ratio of moles O, released per mole CO, sequestered
through photosynthesis i.e. the lower the OR, less O, is released per mole of CO; fixed. In
global assessments of CO, partitioning, the failure to account for changes in OR could lead to
an underestimate of terrestrial carbon sequestration. It is known that OR can vary between
environments and management, but what other factors could be playing a role in controlling
OR?

This study measured the OR of a range of peat (Histosols) and mineral soils
(Inceptisols) under similar management from the-across the United Kingdom to investigate
how OR varies within and between material types. The study shows that OR values varied

significantly between material types (median peat OR = 1.10, median vegetation OR = 1.03

“ Corresponding author: Email: gareth.clay@manchester.ac.uk; Tel: +44 (0)161 306 6426; fax:
+44 (0)161 306 6677
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and median mineral soil OR = 1.14) and they also varied between study sites. Furthermore
there were no significant differences in OR with peat depth.

Given the results from this study we can suggest that future sampling strategies
should include sampling of the major carbon pools (i.e. vegetation, litter and soil) and that, as
a first approximation, OR can be examined on the basis of these carbon pools alone. The

values measured in the study give a new residence time weighted global OR estimate for the

terrestrial biosphere (ORZ°%*") of 1.056 + 0.02.
Keywords

Terrestrial carbon cycle; elemental composition; organic matter; peatlands;

1. Introduction

In 2011 anthropogenic emissions of CO, reached 9.5 + 0.5 PgC yr™ (Le Quéré et al., 2013)
and in May 2013 atmospheric concentrations of CO; surpassed 400 ppm for the first time in
human history (Jones, 2013). ByY using a carbon budget approach (e.g. Le Quéré et al.,

2013), and assessing changes in atmospheric O, and CO, concentrations (Keeling et al.,

1996), atmospheric carbon is-can be partitioned between the carbon pools in the atmosphere,

oceans and terrestrial biosphere (residual sink). Battle et al. (2000) used changes in
atmospheric levels of O, and N; in order to calculate the sizes of annual sinks between

reservoirs and for the CO; flux to the land proposed the following equation:

02
Frang = ——2HL_f o+ 1 a(52)
land ORterra 748l " (4.8%0.471xO0Rterrq) dt

Equation 1
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02
—Y27 s rate of change of molar ratio

where: fre= flux of CO, due to fossil fuel combustion; p”

of atmospheric O, and N2; ORy is-= the combustion stoichiometry; ORer, is-= the oxidative
ratio of the terrestrial biosphere.

Within equation 1 there are two terms that play an important role in understanding the
partitioning of atmospheric carbon, the oxidative ratio (OR) which is the molar ratio of O,
and CO, fluxes associated with either fossil fuel combustion (OR¢) or photosynthesis

(O Rterra) .

1996)—Until recently there has only been one estimate of OR for the terrestrial biosphere
(ORerra) that has been used with equation 1. This-and-that- came from Severinghaus (1995)
who estimated the value to be 1.1. This value of 1.1 has been commonly adopted through-in
several global studies (e.g. IPCC, 2007). However, more recent work has shown that this
value may not be appropriate-fer-eguation-1. In a recent meta-analysis of global OR values,
Worrall et al. (2013) showed that, whilst within the range of natural occurrence, the
commonly used value of 1.1 is probably not the most accurate value. Worrall et al.- (2013)
shewed-suggested that 1.04 + 0.03 was a more appropriate choice and that adopting this value
meant that the sink of carbon to the land has been underestimated by up to 14%.

Direct atmospheric—measurement of OR is possible through simultaneous

measurements of atmospheric_O, and CO, (e.g. Seibt et al., 2004), however several technical
challenges have been noted with this method (see discussion in Masiello et al., 2008). An
alternative and complementary approach is to directly measure the OR of biomass pools in

the terrestrial biosphere. Masiello et al. (2008) detail the mathematical linkage between the

oxidation state of organic carbon (C.x) and OR-and-anether—fundamental-properties—of-the
carben-cyele-that-of the-oxidation-state-of-organic-carbon{C,). Itis possible to calculate Coy,

3
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and therefore OR, for the carbon pools (e.g. aboveground biomass) of an ecosystem using
elemental analysis of %C, %H, %N and %0.
Worrall et al. (2013) based their global estimate of OR on a weighted average of OR

values for different soil orders and global-scale biomes. The assumption was -but-ir-se-deing

assumed that the major control on differences in OR was indeed-the differences between
carbon pools (e.g. soil vs. vegetation) and between soil orders and between vegetation
biomes, i.e. that the greatest control on OR variation was a difference between, for example,
Inceptisols and Mollisols, or between savannah and boreal forest. This assumption was a
necessity arising from the limited amount of data available for individual environments
across the globe. Additionally no studies were included where both soil and vegetation were
analysed for the same site were-ineluded-and given the limited number of studies targeted at
OR this assumption could not be tested.

FherefoeretThis study aims to assess and-understand-the variation in OR between two
biomes and two soil orders across one country. Fhus-in-this-study-w\We aim to test whether

the assumption that OR is controlled by differences between soil orders and biomes is true by

assessing the magnitude of variation between soil orders and vegetation biemes—types in

comparison to other possible sources of variation. H-this-study-we-will-consider-the-variation

2. Materials and Methods
The approach of this study was to consider the variation in two soil types — peat soils
(Histosols) and minerals soils (Inceptisols) across a north-south transect through the United

Kingdom. For each site all the possible organic matter types were sampled with the view of
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comparing the between site, between organic matter types and within site variation in the

values of OR.

2.1. Sampling sites and methodology

InBuring-the summer—ef 2011 peat cores were taken from 8-eight sites across a—chmatic
gradient-through-the UK (Figure 1; Table 1). W.ithin each peat site the actual location of
sampling was chosen as being the least disturbed location available i.e. little or no visible
land management in recent years. At each samphing-location two peat cores of up to 1 _m

depth were taken using a 70 mm diameter gouge auger. Each core was subdivided into 50

mm sections in the field and placed into sealed plastic sample-bags. —tn-addition-to-colecting

two-peat-cores-at-each-site; Rrepresentative samples of dominant vegetation types and surface

litter were also collected_at each site. The exact vegetation composition varied amongst sites
(Table 1) but typically at each site the following were sampled: mosses (e.g. Sphagnum spp.);

sedges (e.g. Eriophorum spp.) and shrubs (e.g. Calluna vulgaris). The vegetation data were

split_into _seven functional groups — shrubs, grasses, sedges, Sphagnum mosses, non-

Sphagnum mosses, cropland vegetation, and litter.

Fo-act-as-a-comparative-sample-fFor each peat site, two nearby locations net-en-peat
soHs-were also selected for sampling — both—teeations—were on mineral soils,but one was

chosen-under arable and the other under pasture land use. For these comparator sites, soils,
litter, and vegetation were sampled. In mineral soils no profile samples were taken because

of the paucity of organic carbon at depth in-mest-mineral-seils-but soil samples were taken

from the upper 100 mm-using-a-trewel, whilst litter and vegetation were sampled in the same

way as for the peatland sites. For-the-purpeses-of-analysis-and-reporting—Fthe-vegetation-data
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All samples were dried at 105°C for 48 hours prior to further analysis. Peat Bbulk

density was then calculated on a dry weight basis_using the volume of the core section and

mass of dry soil solids. The mineral soils were pre-treated using a 2% HF acid solution based

on the methods of Mathers et al. (2002) and Skjemstad et al. (1994). Approximately-5g-of

water-at-least-3-thmes-and-then-dried-at75°C-—HF-treated soils, peat, litter and vegetation

samples were all ground using a Spex 6770 Cyromill.
For comparative purposes, three standard, naturally-occurring organic materials were

considered: lignin, humic acid, and cellulose. The lignin and humic acid were frem-supplied

by Aldrich and the cellulose was taken from ash-free paper. Fhe-standards-were-analysed-for

2.1.1. CHNO Analysis

AH-samples—were-analysed-for CHNO-elemental-content—Samples were analysed for their

carbon, hydrogen and nitrogen (CHN) and oxygen (O) concentration on a Costech ECS 4010

Elemental combustion system with pneumatic autosampler. Oxygen concentrations were

analysed on a separate set up to the CHN set up. H-was-set-up-for-CHN-analysis—where
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both CHN and O setups a calibration curve of r* > 0.999 were created using acetanilide as the

standard. Samples of acetanilide were included within each run as unknown samples to act as
internal quality control checks. Each sample (peat, soil or vegetation) was analysed in

triplicate.-+-e-

2.1.2. Calorimetry

Energy content, as gross heat value (AHc), was measured for all peat, vegetation and litter
samples. Masiello et al. (2008) has shown that it is possible to derived Cox values (and
therefore OR values) from calorimetry data. Analysis was performed on a 6200 Isoperibol

Calorimeter (0.1% Precision Classification, Parr Instrument Company, Illinois, USA) with

1108(P) Oxygen Bomb. Calibration was performed as a rolling average of 10 measurements

using benzoic acid standards. Samples-were-placed-in-crucibles-and-compressed-to-stabiise

energy-contentrecorded-during-analysis—Limited organic matter contentsample meant that

gross heat values could not be calculated for mineral soils.
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2.1.3. Cyand oxidative ratio (OR) calculation
A value of OR can be calculated from the carbon oxidation state (Cox) which in turn can be

calculated from elemental compositions of organic matter as follows (Masiello et al., 2008):

2[0]-[H]+3[N]

i Equation 2

Cox =

Where: [X] = molar concentration of C, H, N or O, and assuming the majority of organic
nitrogen exists as amine groups in amino acids. Furthermore, sulphur is not included in this

equation as it is assumed to form < 0.25% of biomass (Charlson et al., 2000).

As Coy and OR are related through the balancing of organic matter synthesis, the OR value is

calculated as the ratio of O, and CO, coefficients (for further details see Masiello et al.,

2008). (forfurtherdetatls-see-MasieHo-etal-{2008))—Simplified, it is then-calculated as:

— 1 — Cox , 3N ;
OR=1 . T 2[C] Equation 3

Equation 3 assumes that there is no contribution to the Cox from S or P, and it has been shown
that the error in the OR of making such an assumption would be only + 0.002 (Hockaday et

al., 2009). This equation also assumes that the nitrogen source in carbon fixation is N,. Fhere

) OR — 1 Sox Eauation-4

3} e + T Egtation4

) OR =1 fox | 2 Eguation-5
] 4 {G} 1
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peatland-ecosystem—The agricultural soils will likely received N in other forms in addition to
N2, but no data were available for these sites and other studies have shown minimal changes
in OR when using alternative assumptions for-the-reason-that [N}/ [ClHs-always-tikely-te-be<
0-1-(Gallagher et al., in review).

As a quality control check, OR values were only calculated for those samples that had
measured data for C, H, N and O; if one of these data were missing (e.g. lost sample), no OR

value was calculated.

2.2. Statistical analysis

2.3. Analysis of Variance (ANOVA)

The design of the study allows for a several statistical comparisons to be made using an
ANOVA approach. Firstly, one-way ANOVA was used to test whether there were
significant differences within the organic matter types being considered. This set of ANOVA
could be sub-divided into several-separate ANOVA: the difference in OR for mineral soils

under arable and under pasture; the difference in OR between vegetation functional groups

moesses—cropland-vegetation—and-Hitter. The second set of ANOVA that could be performed

was for the peat soils only. A two-way ANOVA was used to determine the statistical
significance of the factors — site and peat depth. Finally, the variation in organic matter types
between sites was examined. All types of the-organic matter types-were considered and all
sites but for comparison with the mineral soil samples, only the surface samples of peat soils

from each site were included (depth < 20 cm). Further, for reasons of cross-classification
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between the factor levels the depth in the peat profile, the vegetation functional group, and
the land use of the mineral soil were not considered as a separate factor.

Response variables used were energy content, Co, and OR. If necessary tFhe

response variables were log-transformed to ensure data normality prior to ANOVA. tested-for

the—response—variable-did-not-prove-necessary. The Post-hoc-testing—of-the-results—was

performed-using-the-Tukey test at 95% level was used to determine significant differences

between levels of any factor. The magnitude of the effects of each significant factor and

interaction were calculated using the generalized o® (Olejnik and Algina, 2003). Respense

2.4. OR and AH,

Masiello et al. (2008) used AH. from calorimetry to calculate Cox values for a range of
standard materials. If then-there is a relationship between C,x and AH, it might be reasonable
to expect there to be a relationship between AH. and OR values from this study. If so it may
be able to shed some light on underlying mechanisms leading to OR variation—-and—alse

. Therefore, AH, values were

plotted against OR values for the peat soils and vegetation ateng-together with the standard

10
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materials — cellulose, lignin and humic acid. Mineral soils were excluded from this analysis

as no AH, values could be calculated.

2.5. Global OR values

The data from this survey can be used to update the estimation of global OR made by Worrall

et al. (2013). Worrall et al. (2013) have proposed a weighted average approach:based-upon

QRIlobal _ f-st(;ai?raORlebal + ﬁ;teerraORglObal Equation 64

terra soil g veg

Where: ORI’ = the oxidative ratio of the global terrestrial biosphere; ORI'2"* = the

oxidative ratio of the global soils; ORfelgb“l = the oxidative ratio of the global vegetation;

flerra = the proportion of the terrestrial biosphere C annual flux that is due to soils; and

foss™® = the proportion of the terrestrial biosphere C annual flux that is due to vegetation.

The annual flux from the soils or vegetation was based upon the size of reservoir divided by
the average residence time. The comparative sizes of the soil and vegetation reservoirs was

were estimated from Eswaran et al. (1993) and Olson et al. (2001), where the proportion of

carbon in the vegetation reservoir was 0.28 and in the soil reservoir as-0.72. The average
carbon residence time for soils was taken as between 20 and 40 years based upon a study by

Jenkinson and Rayner (1977)._Mills et al. {2014)(2014)- examined radiocarbon results for

133 UK; soils and found that the carbon turnover was best modelled as two pools — a fast

pool with 20 year residence time and a slow, 1000 year turnover pool. —The average carbon

residence time for vegetation was taken as between 2 and 5 years (e.g. Gaudinski et al.,

11
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2000). We recognize that the OR of soil fluxes and soil pools may not be identical (just as the

carbon isotopic values of the bulk soil carbon pool rarely match the carbon isotopic values of

the soil CO, flux). However, we must start with the assumption of equivalence between soil

OR flux values and OR pool values because no data yet exist comparing soil pool and flux

OR values. Given the above approach the values of f57™* = 0.27 and £, = 0.73. The

value of ORfel;b“l is the weighted average of the expected values of the 16 global biomes

global
Rsoil

where the weighting is the area of each biome (Loveland and Belward, 1997). -and-0
is the weighted average of the expected values of each of the soil orders of USDA soil
taxonomy where the weighting is the organic carbon content of each order (Eswaran et al.,
1993). Since in both cases the data for any one biome or soil order is-are scarce, then the
expected value is taken as the median of each biome or soil order.

Worrall et al. (2013) applied Equation 6-4 based upon the classifying organic material
samples into one of either the 12 USDA soil orders (altheugh-Gelisols and Histosols were
combined into onee-because-of-lack-of-data) or 16 global biomes (Loveland and Belward,
1997). The soil samples collected as part of this study were classified as either Inceptisols or
Histosols. The vegetation samples can be classified asin-ene—of-thefoHowing: Grassland,

Cropland, Shrubland or Permanent wetland.

3. Results
Overall OR could be calculated for 251 peat samples, 49 vegetation samples and 14 mineral
soil samples. Table 2 shows the data forthe-individual-elemental-concentrations-for each of

the material types whilst Tables 3 and 4 show the parameters for vegetation and peat soils

respectively. -andtThe composition of the standard_materials ;—raturathy-occurring-organic

types-are listed in Table 5. None of the datasets needed to be transformed prior to ANOVA.

12
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Of the three material types, vegetation samples had the lowest OR values followed by

’ peat soils; mineral soils showed the highest OR values (Table 2). The values for mineral soils
are within the range of previously reported values (Hockaday et al., 2009) though the peat

’ and vegetation means were lower than 1.1 theugh-but still within the range of results reported

by Worrall et al. (2013).

3.1. Variation within organic matter type

Mineral soils

Within the mineral soil dataset it was possible to determine whether there was a significant
difference between land uses, i.e. between soils under arable and soils under pasture. Results
from the one-way ANOVA shows that there were no significant differences in elemental-ratie

data{(CIN-O/C—and-H/C)—Cox or OR between mineral soils (n = 14) under different land

uses.

Vegetation types
Within the vegetation data, there were significant {(p—<-0-05)-differences in al-elemental

raties—energy content_(p < 0.001), Cox (p < 0.018) and OR (p < 0.001) values between

vegetation functional groups {Fable-6)-from the one-way ANOVA. The post hoc testing

showed

between—funetional-groups—{(TFable—6)—Fthe highest OR values were found in shrubs (e.g.

Calluna vulgaris, Erica tetralix) whilst the lowest values were found in mosses, both

Sphagnum and non-Sphagnum (Table 3). The reverse of this is-was true for Cox values where

13
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the lowest values were found on shrubs and the highest on Sphagnum. However-the-variation

Peat Soils
In the ANOVA model, site and peat depth were included but due to a collinearity between
site and depth, the interaction term could not be plotted.

For all the measured parameters, the site factor was found to be significant (Table 76).

Post hoc testing o

showed—F the lowest

energy contents were found at Auchencorth with the highest at Dartmoor (Table 4). There
were significant differences between peatland sites in terms of Cox and OR values explaining
21% and 39% of the variation in the data respectively (Table 76).—Post-hec-testing-{Table-8)
showed—that The lowest OR values gave-some—similar—patterns—to—the—elemental—data

withwere found at Thorne resulting-in-the-lowest OR-valueswhilst ard-Forsinard and Bodmin
having-had the highest OR values.

Depth was a significant factor for all-parametersbulk density and energy content

although not significant for -with-the-exeeption-0f-Cyx and OR (Table £6). H-terms-of-down

coreprofilesgeneralhyt There were increases in G/N-ratie-and-energy content down the core

expected-as-the-peat-becomes-more-carbonrich-with-depth- whilst t+he observed data for bulk

14
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density was-were more complex-and; across-at-ecores-the-bulk density generatly-increased in

the upper 30 centimetres before decreasing with depth (Figure 2).

3.2. Organic matter type vs. site
It was possible to analyse the differences between surficial peat (0 — 20 cm), vegetation and
surface mineral soils across all the sites considered in study for the-element-ratiosand-OR.

Bulk density and energy content were not considered because neither could be measured for

all sample types. —butbecause—the—analysis—eovered—altheerganie—matter—types—being
—The

analysis was performed with the caveats that the above analysis found the following
significant differences: there were significant differences in the OR between vegetation

functional group; there were no significant differences between OR for different land uses on

the mineral soils; and there were no significant differences with depth for the OR of peat

When comparing all organic matter types and all sites for elemental ratios and OR
there were significant differences between the site and organic matter type factors (Table 97).
For the OR values the most important of the factors was the difference between organic
matter types (explaining 70% of the original variance) and post hoc testing showed that there
were significant differences between all the organic matter types considered. The highest OR
values given by the mineral soils (1.15 £ 0.01) followed by peat soils (1.079 + 0.006) with
the lowest OR represented by vegetation (1.037 = 0.007) where the values are given as the
estimated marginal means (averages accounting for all other factors and covariates) and the
uncertainty in each is given as the standard error. The variation between organic matter types

was greater than the variation between sites with the site factor explaining only 21% of the
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original variance. The post hoc testing between the individual sites shows that only one site,

Thorne, was significantly different from all the others —TFhorne-was-significantly-lowerthan
aH—other—sites—(Figure 3:—Fable—10). When the data for Thorne were removed then

Auchencorth was found to have OR values significantly higher than all other sites: there were

no other significant differences between any other sites considered in this study.

There was no significant interaction between the site and organic matter type factors

for any of the parameters considered in this study. The lack of significant interaction between
the two factors means that the difference between organic matter types does not vary with site
suggesting that Inceptisol is different from a Histosol regardless of the position within the UK
and as such there is a fixed relationship between the organic matter types. Regressing the
mean vegetation OR and mean bulk peat OR for each of the eight sites shows no significant

relationship between them.
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3.3. Variation in Organic Matter Composition

A comparison of OR and AH. with-respect-tein peat soil samples and the-vegetation samples
show several possible patterns (Figure 4a and b). Given the result of Masiello et al. (2008) it
would be expected that OR would increase with AH. and this is true for sueh-arelationship-is
discernible—in-these—plots—as-the-tine-between-the organic material standards (humic acid,
cellulose and lignin). With respect to the sampled peat sites some of the soils sampled from
Thorne, Westhay and the Peak District plot below this line with lower AH, values than would
be expected for their OR values (Figure 4a). Conversely, all the samples from all the other
sites (Auchencorth, Bodmin, Dartmoor, Forsinard and Whixall) plot above this line with OR
greater than the equivalent mix of the organic matter standards. Furthermore, it could be
proposed that majority of samples form a 3 end- member triangle the end-members of which
are marked by humic acid, lignin and a high OR end-member represented by peat soil
samples from Forsinard (Figure 4a). The latter end-member with high OR represents organic
matter that is as reduced as the lignin standard but does not have the calorific value. Some
soil samples plotted at even lower values of AH. than those from Forsinard and these come

from Auchencorth. ]One pessible-explanation of this is that the peat soil at Auchencorth has

received-inputs-of-mineral-matterhad visible evidence of trace mineral matter in the field.

Inputs of fine silt or clay into the peat would not alter the measurement of OR as it is based
on a ratio of elements in the organic matter but it would in-effect-dilute eut-the energy value
of any sample.—_It #may also explain large values of bulk density observed for this site
which contribute to inflexion in the bulk density profile (Figure 2).
With—respeet—to—vegetation—type—mMost vegetation types were better constrained
within the line defined by the organic matter standards (Figure 4b) and the peat samples from

Forsinard than was observed for the peat soils (Figure 4a). The end-member represented by
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the peat soils of Forsinard plots close to the samples of Erica tetralix. Some samples of both

grass and Sphagnum plot at lower values of OR than would be expected from a combination

of the organic matter standards-and-this-type-of plant-materiabwhich-is-mere-oxidised-than

4. Discussion
This study has been-able-te-comment-onevaluated the oxidation status of peat (Median OR =

1.10) and agricultural soils (Median OR = 1.14) across a latitudinal transect across the United

Kingdom. Significant differences were found in the oxidative ratio of major terrestrial
carbon pools (soil and vegetation). This is perhaps not unsurprising given the different
processes operating in each carbon pool but this study has been able to quantify the
difference with respect to OR.

Within-group variation of OR generated a number of interesting results. Firstly, soils
under agricultural management did not vary significantly in their OR value. One might expect
that different management practices, and different vegetation_types, would influence soil

processes that-which would, in turn, affect OR. Even-from-this-study-ilt is possible to see the

large contrast between cellulose and lignin, and so woody vegetation that-is-woedie—would

be expected to have a higher OR_than non-woody types. Furthermore, N is a component of

the oxidation state of an ecosystem {(Egquation-2}-and so diversity of N inputs and N sources
(e.g. organic wastes vs. inorganic fertiliser) might be expected to shift the OR of an

environment.
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Secondly, OR did not vary significantly with depth and there was net-no consistent

OR depth profile variation-between across-all the sites. Peat-depth-was-an-tmpertantfactor-in

of a-significant OR trends is perhaps one of the more unusual observations from this study.

Given the classical explanation of peat formation it would be expected that Co«x would decline

with depth as the peat profile becomes more anaerobic, and therefore an increase in OR

would be expected. Fhe—classical-explanation—of—peat-seils—is—that-theyrapidly-become

ahaerebie-In peat soils anaerobic conditions result from due-te-excess organic matter and

slow ingress of air due to persistent waterlogged conditions, leading to successive use and
exhaustion of redox couples (Reddy and D'Angelo, 1994). However, this succession is noted
mainly for inorganic chemical species (e.g. Fe(lll)) in soil water and for peat soil water
concentrations are often low compared to mineral soils giving them very little buffering
capacity with respect to redox conditions meaning that species in solutions are rapidly
transformed, e.g. Fe(l1) to Fe(ll). However, the concentration of inorganic redox species that

can be reduced is very lowameunt-ofreduction-oceurring—is—minbmal -in comparison to the

amount of organic matter that could be oxidised and so therefore dramatic changes in

inorganic soil solution chemistry are not reflected in the substrate.
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By considering natural organic carbon reservoirs in a structured survey, this study has

examined the variation in OR and it can assess whether the global assessment of OR
proposed by Worrall et al. (2013) was appropriate. Firstly, the study has shown that it is-was
possible to distinguish between the naturally-occurring organic matter types (e.g. soil and
vegetation) when looking at OR; that is there is-are a-significant differences between organic
carbon pools that are easy to sample and model over large scales.

Secondly, Worrall et al. (2013) could only use the data that was-were available in the

published literature so had little control on the soils orders available and their geographic
distribution. This study has been able to take one soil order (Histosols) and compare the OR
across a range of locations under similar management in order to assess the relative source of
variation in OR. Hewever—the-study—can-shewlt has shown that there is more variation
between carbon pools than between sites but that the variation between carbon pools is
independent of the changes between sites;e-. tThis is good statistical justification to support
the approach used in Worrall et al. (2013) that as a first approximation, and at large scales,
OR is better understood by considering soil and vegetation separately. Thirdly, the study has
shown a significant difference between the two soil orders considered by this study (Histosols

and Inceptisols) which is an underlying assumption of Worrall et al. (2013) and of the

Rglobal

calculation of OR
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Fourthly, we can start to address the question of what kind of sample is truly
representative of the OR of an environment. Results from the study showed that if OR does
not vary with peat depth, then it may be appropriate just to sample the surface peat rather than
coring. If peat can be simplified to just-surface samples, can the OR of the environment be
simplified to just-one sample? This study has lecked-at-the-vegetation-asseciated-with-the
soHs-and-has-shown that vegetation and peat samples were not significantly similar to each
other to warrant only one sample being taken. Therefore future sampling should concentrate
on sampling both the vegetation and soils carbon pools.

Finally, this study is a continuation of earlier work (Worrall et al., 2013) that

calewlated-a-global OR-value-from-a-database-of OR-values—and Fthis study is able to add-te
that-database-and-is-able-te-update the global OR figure accordingly. The peat soils from this

study are classified as Histosols -in-the- USBA-soi-taxenomy—and in Worrall et al. (2013) list
Histosols as having an OR of 1.03 (range 0.92 — 1.11) based on 8 studies, 23 locations and
345 samples - updating these values with data from this study gives an OR for Histosols of
1.08 with an interquartile range of 1.05 - 1.11, based now on 9 studies, 31 locations and 596
samples. The mineral soils for this study could be classed as Inceptisols. —iIn the—review-of
Worrall et al. (2013) the Inceptisols had an OR of 1.07 (range 1.03 to 1.10) based on 2 soils
from 1 study this can now be updated to be from 2 studies and 7 sites with 18 samples to give
a median value of 1.15 (IQR 1.10 to 1.15). Coupling this information with new estimates for
Alfisols (Worrall et al., in review) that updated the OR of 1.10 (range = 1.07 to 1.12) based

upon 1 study and 4 soil samples to that of 1.12 (range = 1.08 to 1.19) based upon 2 studies

and 2 soils but 84 samples. This would give a new value of ORI/?"* = 1.084 + 0.002, where
the uncertainty is interquartile range. Similarly, the values for vegetation types can be
updated, for grassland the new estimate would be 1.02 with an interquartile range of 1.00 —

1.05; croplands would now have a median value of 1.00 (0.99 — 1.05); shrublands with a
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median value of 1.10 (1.08 to 1.12); and permanent wetlands with a median of 1.02 (0.99 —
1.04). This gives an ORgs * = 1.049 + 0.2 (error as IQR). A new residence time weighted

global OR estimate for the terrestrial biosphere (ORZ'°?%") of 1.056 (IQR = 1.054 to 1.058)

terra

can be calculated; the previous value of ORZ*** was 1.04 + 0.03.

This study has been able to validate the sampling approach of Worrall et al. (2013)

improved—further—Bby increasing the level of sophistication and characterising individual

components of the carbon pools e.g. lignin vs. cellulose components, active vs. passive soil

organic matter, or dissolved organic carbon (DOC) fractions, it may be possible to elucidate

the underlying controls on OR in the terrestrial environment. Future research should

therefore explore these factors.

5. Conclusion
This study has shown that there are significant differences in oxidative ratio {OR)-between
mineral soils, peats and vegetation. Whilst there were significant differences in OR between

different sites and material types, there was no significant interaction between the factors.

—This suggests, on a
large scale at least, that it the most important factor in OR variation is material type rather
than site location and the OR of an environment can be determined by simple sampling of the

major terrestrial carbon pools.
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Figure 1. Location of study sites within Great Britain.

Figure 2. Interval plot of elemental ratios, energy content (MJ/kg), bulk density (g/cm®) and

Oxidative Ratio with peat depth. 95% confidence interval of the mean

Figure 3. Interval plot of OR for surficial peat samples for each site. 95% confidence interval

of the mean

Figure 4. Plot of OR vs. AHc. a) Peat soil samples highlighted; b) Vegetation samples
highlighted.

27



624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

Table 1. Location information for each of the sites

Table 2. Median values (inter-quartile range in parentheses) for each measured or derived

variable for the three material types.

Table 3. Median values (inter-quartile range in parentheses) for each measured or derived

variable for functional plant groups

Table 4. Median values (inter-quartile range in parentheses) for each measured or derived

variable for peat soils by site.

Table 5. Median values (inter-quartile range in parentheses) for each measured or derived

variable for the three standards

Table 6. ANOVA for peat samples energy content, Cox and OR values, and bulk density. df =

degrees of freedom, p = probability of factor being zero, w> = generalized proportion of

variance explained
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Table 97. ANOVA for the comparison of surficial peat and mineral soils with vegetation. df

= degrees of freedom, p = probability of factor being zero, »® = generalized proportion of

variance explained

sighificantdifference-between-levels. [ Field Code Changed
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