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• Soil carbon modelling is essential for
quantification of GHG flux.

• Commonly used soil Cmodelwas evalu-
ated and discrepancies were found.

• Deconstruction of model rate modifiers
shows deficiency in water component.

• r2 Values improve significantly using
observed soil water content instead of
modelled.

• We recommend stronger evaluation of
biogeochemical models.
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Globally, it is estimated that ~1500 Pg C of organic carbon is stored in the top meter of terrestrial soils. This repre-
sents the largest terrestrial pool of carbon. Appropriatemanagement of soils, tomaintainor increase the soil carbon
pool, represents a significant climate changemitigation opportunity. To achieve this, appropriate tools andmodels
are required in order tomore accurately estimate soil carbon fluxeswith a view to informing and developingmore
effective land use management strategies. Central to this is the evaluation of models currently in use to estimate
soil carbon emissions. In the present study, we evaluate the ECOSSE (Estimating Carbon in Organic Soils – Seques-
tration and Emissions) model which has its origins in both SUNDIAL and RothC and has beenwidely used globally
tomodel soil CO2 fluxes across different locations and land-use types on both organic andmineral soils. In contrast
to previous studies, the model was found to poorly represent observed soil respiration at the study site, an arable
cropland on mineral soil located in south-east Ireland. To isolate potential sources of error, the model was
decomposed into its component rate equations or modifiers. This investigation highlighted a deficiency in the
model simulated soil water, resulting in significant inhibition of the model simulated CO2 flux relative to the ob-
served data. Whenmeasured values of soil water at the site were employed, the model simulated soil respiration
improved significantly (r2 of 0.775 vs 0.154). This highlighted model deficiency remains to be evaluated at other
sites; however, the research highlights the need for a more comprehensive evaluation of soil carbon models
prior to their use in informing policy, particularly models which are employed at larger scales and for climate
change projections.
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1. Introduction

Carbon emissions associated with land use, land use change and for-
estry (LULUCF) contribute the second largest source of carbon emissions
to the atmosphere (Bond-Lamberty and Thomson, 2010; Scharlemann
et al., 2014), with an estimated contribution of approximately 33% of
total anthropogenic emissions, or ~150 petagrams carbon (Pg C;
1015 g), over the period 1850–2000 (Houghton, 2003).While the relative
contribution has declined over recent decades (contributed ~12.5% of
total anthropogenic emissions between 1990 and 2010 – Houghton
et al., 2012), largely attributed to an increase in fossil fuel emissions, in-
creasing attention is being focused on simulating terrestrial carbon
stocks and emissions, as terrestrial soilsmay present a significant climate
change mitigation opportunity if managed appropriately.

Globally, it is estimated that approximately 1500 Pg C of organic car-
bon is stored in uppermost meter of terrestrial soils (Scharlemann et al.,
2014; Oertel et al., 2016). This represents the largest terrestrial carbon
pool, roughly equivalent in sum to both the atmospheric (816 Pg
C) and terrestrial phytomass (469.6 Pg C) pools (Scharlemann et al.,
2014). Although estimates of SOC stocks in, and emissions from, terres-
trial soils remain highly uncertain (Houghton et al., 2012; Scharlemann
et al., 2014; Oertel et al., 2016), there remains a pressing need to improve
our understanding of soil carbon management in order to minimise soil
carbon losses and increase the carbon sequestration potential of soils
(Scharlemann et al., 2014).

Soil CO2 efflux, or soil respiration (RS), is comprised of both hetero-
trophic (Rh) (anaerobic and aerobic microbial decomposition) and au-
totrophic (Ra) (plant root) respiration of CO2 from the soil to the
atmosphere. While fine roots of woody plants can host heterotrophs
(e.g. ectomycorrhizal fungi), the received nutrients are derived from
photosynthesis and therefore generally considered in the autotrophic
component (Högberg et al., 2005). The contribution of root respiration
to total soil respiration is however highly variable, with published esti-
mates ranging from 10% to N90% depending on vegetation cover and
season (Hanson et al., 2000), but on average is estimated to contribute
up to ~50% of total soil respiration (Oertel et al., 2016). This partitioning
varies between perennial and cropland systems as root growth com-
monly contributes an increased proportion to Rs during the growing
season (Hanson et al., 2000).

Ecosystem respiration (Reco), which includes both soil and above-
ground plant respiration, also fluctuates seasonally with the growth
cycle. Thedifference between carbon uptake by plants during photosyn-
thesis and ecosystem respiration is referred to as the net ecosystem ex-
change (NEE). When the NEE is positive, the ecosystem represents a
source of CO2 to the atmosphere and a CO2 sinkwhen negative. As direct
measurements of Reco and Rh are difficult to obtain; Rh is typically esti-
mated from Reco which is in turn derived from NEE and GPP which are
measured, or estimated from measured values, based on observations
obtained at eddy covariance flux tower sites.

Soil respiration rates have been found to vary significantly with veg-
etation/plant type (Raich and Tufekciogul, 2000; Oertel et al., 2016). In
general, a positive correlation is associated on an annual basis between
soil respiration and above ground litter production (Raich and
Schlesinger, 1992). Increasing vegetation cover also impacts on the soil
microclimate, primarily associated with decreased soil temperatures
due to increased leaf area and resultant shading effect (Oertel et al.,
2016). A meta-analysis by Raich and Tufekciogul (2000) found on aver-
age that cropped fields displayed increased rates of soil respiration
(~20%) relative to surrounding fields in fallow, however, this difference
was not significant. Kessavalou et al. (1998) also found increased CO2

emissions during spring and summer, based on inter-row chambermea-
surements over arable cover (e.g wheat).

Belowground biomass, soil microbial activity and decomposition
rates are highly dependent on soil temperature, soilwater content, nutri-
ent availability and soil pH (e.g. Singh andGupta, 1977; Carlyle and Than,
1988; Raich and Schlesinger, 1992; Cook and Orchard, 2008; Guntiñas
et al., 2013). As a result, soil respiration rates are predominantly influ-
enced by meteorological, climatological and land management factors
(e.g. land cover, land cover change, nutrient application etc. - Oertel
et al., 2016). Process-based models, which seek to simulate soil carbon
dynamics and/or soil respiration, therefore typically require these factors
as input variables or parameters. For example, RothC (Rothamsted Car-
bon Model - Coleman and Jenkinson, 1996), requires information on
soil type (e.g. proportion of clay) and inputs of meteorological variables
(e.g. temperature, rainfall and potential evapotranspiration), plant resi-
dues andnutrient applications to simulate the turnover of organic carbon
in topsoils. Similarly, ECOSSE (Estimating Carbon in Organic Soils – Se-
questration and Emissions; Smith et al., 2010a), which has its origins in
SUNDIAL (Simulation of Nitrogen Dynamics in Arable Land - Bradbury
et al., 1993) and RothC (Coleman and Jenkinson, 1996), requires the
specification of parameters such as soil pH, bulk density, sand and silt
content and soil depth, in addition to those parameters required by
RothC, to simulate the soil fluxes of greenhouse gases (e.g. CO2, N2O,
CH4) from organic soils. These models employ a common approach by
partitioning soil organicmatter (SOM) into ‘pools’ of inert organicmatter
(IOM), humus (HUM), biomass (BIO), resistant plantmaterial (RPM) and
decomposable plant material (DPM); processes and turnover rates of C
and N are then simulated using simple equations driven by common
input variables such as soil characteristics and meteorological/climato-
logical data. The decomposition process is described by first order rate
equations (with specific rates for each pool) which are modified accord-
ing to external factors such as temperature, moisture, crop cover and soil
pH (Dondini et al., 2017).

The aim of this study was to evaluate the most recent version of the
ECOSSE model (v6.2), in simulating observed soil respiration rates for
croplands on a free-draining mineral soil. The study site used in this re-
search was chosen as it contributed to FLUXNET, a network of regional
networks of flux measurement sites; these sites record detailed infor-
mation on the site characteristics (e.g. soil, meteorology etc.) necessary
to run themodel and, importantly, also had independent supplementa-
ry observations (NEE, soil chamber observations) which could be used
to evaluate the model. The ECOSSE model was chosen for a number of
reasons, (1) it has previously been applied at the study site to assess
fluxes of greenhouse gases and SOC stock changes (Khalil et al., 2013)
and was found to outperform other similar process-based models (e.g.
DNDC, DailyDayCent) when estimating N2O fluxes (Khalil et al.,
2016); (2) ECOSSE was developed from concepts initially implemented
in SUNDIAL (Bradbury et al., 1993) and RothC (Coleman and Jenkinson,
1996) models which have been widely reported in the literature; (3) it
has been applied widely in a variety of environments for different land-
use types including European cropland (Smith et al., 2010b; Bell et al.,
2011; Khalil et al., 2013; Dondini et al., 2017), peatland (Abdalla et al.,
2014), land under Miscanthus and Willow (Dondini et al., 2016a) and
bioenergy cover crops (Dondini et al., 2016b); and (4) ECOSSE can
be scaled to derive national estimates of soil C with limited inputs,
therefore the model could be employed to inform national inventories
and policies. ECOSSE has also been coupled with JULES (Joint UK Land
Environment Simulator), a community land surface model employed
in the latest version of the UK Met Office Unified Model (Ostle et al.,
2009).

Prior to undertaking the evaluation, the ECOSSE model was initial-
ized using availablemeasurements, or parameters and variables derived
from observed values. Following this, the model was initially evaluated
against Rh, derived as a proportion of Reco. However, due to concerns
over the methods used to estimate Reco, the model was subsequently
evaluated against data obtained from a separate soil chamber experi-
ment, results from which overlapped in time with the model simula-
tions. Following this evaluation, soil respiration was then simulated
using an alternative approach, which considered the individual contri-
butions of the dominant external drivers of soil respiration, namely,
temperature, moisture, crop cover and soil pH, employing different
formulations.
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The present research seeks to contribute to the existing, growing, lit-
erature on the evaluation of ECOSSE, but highlights a potential area for
model improvement.

2. Materials and methods

2.1. Soil respiration simulation

The ECOSSE model and input requirements have been extensively
described elsewhere (see Smith et al., 2010a; Dondini et al., 2016b;
Dondini et al., 2017); only those details considered important for the cur-
rent study are included here. Although ECOSSEwas originally developed
for organic soils, it has been widely applied and evaluated on mineral
soils (Bell et al., 2011; Khalil et al., 2013; Dondini et al., 2016a; Dondini
et al., 2016b; Dondini et al., 2017). In common with a number of similar
models, ECOSSE describes the decomposition process using first order
rate equations based on temperature, moisture, crop cover and soil pH
(Dondini et al., 2017). These are outlined below; additional empirical for-
mulations which relate the relevant variables to soil respiration are also
outlined as they are subsequently employed.

2.1.1. Soil temperature
In the absence of soil moisture limitations, the relationship between

soil respiration and temperature is generally considered to be positive,
with colder soils inhibiting microbial activity and CO2 generation
(Raich and Schlesinger, 1992; Lloyd and Taylor, 1994). However, the de-
termination of the exact relationship remains challenging (Lloyd and
Taylor, 1994). Consequently, a number of empirically based formula-
tions, which relate soil respiration to either soil or air temperature,
have been proposed. In this study a number of selected temperature
modifiers (outlined below) were applied to the observed data to inves-
tigate the relevant ECOSSE modifier.

Based on analysis of data from a range of different ecosystems and
soil temperatures, Lloyd and Taylor (1994) derived a simplified expres-
sion (Arrhenius type expression) for soil respiration rate based on tem-
perature, at a standardized temperature of 10 °C as follows,

RS ¼ R10 exp 308:56
1

56:02
−

1
T−T0

� �� �
ð1Þ

where, R10 is the respiration rate at 10 °C, T is air temperature and T0 is a
temperature between T and 0 K. Lloyd and Taylor (1994) suggest a
value for T0 of 227.13 K, which provided an optimized fit to the observa-
tional data employed in their analysis. Jacobs et al. (2007) provide an al-
ternative formulation, originally developed for grasslands, again
derived from a simple Arrhenius type expression and includes a correc-
tion to modify soil respiration for conditions of soil water stress, as fol-
lows,

RS ¼ R10 1− f wð Þð Þ exp E0
283:15R�

� �
1−

283:15
Tsoil þ 273:15

� �� �
ð2Þ

Where, f ðwÞ ¼ C wmax
wsoilþwmin

where E0 is the activation energy (kJ kmol−1),

R* (kJ kmol−1 K−1) is the universal gas constant and Tsoil is temperature
in the first soil layer, and f(w) is a function to modify soil respiration
under conditions of soil water stress, wmax and wmin are reference soil
water content values of 0.55 and 0.005, respectively.

The temperature function in ECOSSE is described as a first order pro-
cess, following fromSUNDIAL andRothC, for both anaerobic and aerobic
decomposition, with mt the temperature rate modifier, specified as fol-
lows,

mt ¼ 47:9

1þ exp
106

Tair þ 18:27

� � ð3Þ
where, Tair is themeandaily air temperature (°C). ECOSSE assumes aQ10

constant (measure of the rate of change of a system as a consequence of
10 °C temperature increase) of 2.0.

2.1.2. Soil water
There is a complex relationship between soil moisture and microbial

respiration within soil (Reichstein and Beer, 2008); major factors affect-
ing the rate of respiration include soil water content, substrate availabil-
ity and time (Cook and Orchard, 2008) all of which vary with soil water
content. Models typically simplify these interactions by using rate mod-
ifying factors. For example, the RothC model (Coleman and Jenkinson,
1996)which ECOSSE inherits some characteristics from, employs amod-
ifying factor (b) for soil respiration due to soilmoisture based on estimat-
ed soil moisture deficits (SMD), derived from rainfall and potential
evapotranspiration (PE) data (Coleman and Jenkinson, 2014):

If accumulated accð Þ SMDb0:444 max SMD;

b ¼ 1

Otherwise,

b ¼ 0:2þ 1:0−0:2ð Þ � maxSMD−acc SMD
maxSMD−0:444 maxSMD

ð4Þ

Once a soil dries beyond a soil moisture deficit threshold, respiration
becomes increasingly inhibited until wiltingpoint, afterwhich themod-
ifier is set to 0.2. The ECOSSE water modifier has its origins in the
SUNDIAL model (Bradbury et al., 1993; Smith et al., 1996) and assumes
aerobic decomposition proceeds atmaximum rate as the soil dries from
field capacity to the amount of water held at−100 kPa, decomposition
is then increasingly inhibited until the soil reaches its permanent
wilting point,

mw ¼ 1−
1−mw0ð Þ x Ψ f−Ψc−Ψi

� �� �
Ψ f− Ψi

; if Ψ f−Ψc
� �

bΨi;mw ¼ 1
� � ð5Þ

where, mw0 is the rate modifier at permanent wilting point (0.2), Ψc is
the water held above permanent wilting point,Ψi is the water held be-
tween field capacity and −100 kPa, and Ψf is the water held between
field capacity and permanent wilting point (all units in mm/layer−1).
This is calculated for each 5 cm soil layer to the specified depth in
ECOSSE; leaching between layers is by simple piston flow. Saturated
conditions are also known to inhibit aerobic respiration (Reichstein
and Beer, 2008) and ECOSSE includes a modifier for soil water condi-
tions between field capacity and saturation. However, agricultural
soils are considered to be free draining and as such, soil water rarely,
if ever, exceeds field capacity.

2.1.3. Vegetation cover
The modifying effect of vegetation cover on soil respiration is simu-

lated in ECOSSE using a crop modifier, originally derived from RothC.
While the selection of the threshold is somewhat arbitrary, it is based
on findings from a number of studies (e.g. Sommers et al., 1981;
Sparling et al., 1982). The crop modifier (mcrop) is set as.

mcrop ¼ 1 if the soil is bare no effectð Þ; and

mcrop ¼ 0:6 if the soil is vegetated

The effect of which reduces soil respiration during the growing sea-
son by 40%.
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2.1.4. Soil pH
The pH modifier in ECOSSE was introduced for organic soils where

pH is more variable. The pH modifier is as follows,

mpH ¼ mpH; min þ 1−mpH; min
� � pH−pHmin

pHmax−pHmin

� �
ð6Þ

where aerobic decomposition proceeds at an optimum rate (mpH = 1)
until the pH falls below a critical threshold (pHmax) and the minimum
rate of decomposition is set as,

mpH; min ¼ 0:2; pHmin ¼ 2;pHmax ¼ 4:5

2.2. Site description

The experimental site used in this study is an arable field located at
theTeagascOakParkResearch Centre, Co. Carlow, Ireland (Fig. 1), for fur-
ther details see (Davis et al., 2010).

The site has been under cropland for over 50 years with sugar beet,
spring barley, maize and oil seed rape planted in rotation until 2000.
Since 2000 the site has been cropped continuously with spring barley.
This study initially focuses on the years 2004–2006 due to the availability
of suitable data. Full details of the site and soil characteristics are listed in
Table 1. Land management details for the period are outlined in Table 2.

The site hosted an eddy covariance flux tower over the study period
providing access to net ecosystem exchange measurements that were
utilized in the study (Davis et al., 2010). Data available from the flux
tower included meteorology, volumetric soil water content and NEE,
from which Reco was derived.

2.2.1. Meteorological data
Daily meteorological data were obtained from two sources: the Irish

meteorological service, Met Éireann, who provided data from the nearby
weather station located on the grounds of the Teagasc Oak Park Research
Centre and the nearest synoptic station located in Kilkenny approxi-
mately 30 kmaway (1), and theflux tower stationed in the experimental
field, covering the period from 2004 to 2006 (2). As ~7% of the data from
2004 to 2006 were missing from the Oak Park meteorological station,
gaps were subsequently infilled using either the flux tower or Kilkenny
synoptic station data, in that order. As long-term data were not available
Fig. 1. Republic of Ireland showing Kilkenny (yellow) and Carlow (brown) with Kilkenny
synoptic station (black point) and case study location Oak Park (red point).
from Oak Park, data from the nearby Kilkenny synoptic station were ob-
tained to derive the 30-year averages used for model spin-up (in which
soil C is brought to equilibrium).Meteorological and climatological infor-
mation utilized for the study is shown in Fig. 2.

Potential evapotranspiration (PE) values were unavailable for the
Oak Park site for the years 2004–2006. Consequently, daily values for
PE for the period of interestwere initially estimatedusing theHargreaves
method (Hargreaves and Samani, 1985). Since 2008 when the weather
station was upgraded, Met Éireann have derived estimates of PE using
the FAO-56 Penman-Monteith method, facilitating an evaluation of the
Hargreaves method over the period 2008 to 2016. This evaluation indi-
cated a significant overestimation of PE values derived using the Har-
greaves approach when compared to the Met Éireann calculated
values. A linear calibration was derived from the 2008 to 2016 period
and subsequently applied to the Hargreaves estimated values for the
2004 to 2006 period, resulting in modified PE values which were used
as input to the model. Fig. 3 illustrates the cumulative sums for the
years 2008 to 2010 based on the original Hargreaves method, the modi-
fied Hargreaves estimates and the Met Éireann derived PE values. A dif-
ference in annual accumulations of ~100 mm is evident between the
pre- and post- modified Hargreaves values.

2.2.2. Soil respiration
As Reco represents the combined soil auto- and hetero- trophic respi-

ration, the daily Reco values was subsequently partitioned between the
gross autotrophic and heterotrophic components. This was achieved by
running DNDC (DeNitrification-DeComposition; (Giltrap et al., 2010)),
using the same inputs and weather data outlined previously, to derive
ratios of Rh to Reco, following the method of Khalil et al. (2013). Alterna-
tively, Hardie et al. (2009) propose that Rh is between 46 and 59% of Reco;
Abdalla et al. (2014) split this seasonally so that Rh is assumed to be at its
lowest at 46% during summer (JJA), 59% duringwinter (DJF)with amean
value (52.5%) for the rest of the year. Both these methods produced a
similar temporal signal but the cumulative fluxes were found to be
higher for the seasonal method (Fig. 4).

Dondini et al. (2017) suggest that since ECOSSE simulates GHGfluxes
from the soil layers defined by the user, whereas the flux data represents
fluxes from the entire soil profile, model output will fall below the esti-
mated Rh. Due to these complexities in partitioning flux tower data
into autotrophic and heterotrophic components, soil respiration mea-
surements using chamber data was ultimately prioritized as more useful
for model evaluation. However, soil respiration from the chamber data
was only available for 2004, a limiting factor on the present study. Soil
chamber measurements of CO2 fluxes, obtained from Jones et al.
(2010), were measured using a CIRAS 2 infra-red gas analyzer coupled
to static chambers (SRC-1 soil respiration chamber, PP Systems, Hitchin,
Herts, UK). The system allowed automated in-field soil CO2 flux mea-
surements every 20–90 min. Twelve collars were inserted to a depth of
5 cm into the soil 12 days beforemeasurements began to alleviate the ef-
fect of soil disturbance on the fluxes. While it is likely that the measure-
ments from the soil chambers include both components of heterotrophic
(Rh) and autotrophic (Ra) respiration, the soil chamber data does pro-
vides an upper limit to Rs in which to assess the model.

2.2.3. Soil moisture
Volumetric soil water content (SWC) (%) measurements at the flux

tower were also available for the period 2004–2006. The SWC data, ob-
tained from a previous study (Davis et al., 2010), was measured using a
CS616 Water Content Reflectometer (Campbell Scientific) to a depth of
20 cm. The measured Soil Water Content (SWC) in the field ranged
from3.92% to 27.14%with amean of 16.95%, over the period ofmeasure-
ment. As the SWC was measured at a 20 cm depth, for comparison with
the ECOSSEmodelwhich requireswater content to be specified to 25 cm,
the SWC volume percentagewas estimated to a depth of 25 cm and con-
verted to mm. Field experiments indicate that volumetric water content
at relatively shallow depths does not vary greatly, indicating that this



Table 1
Oak Park Site Characteristics (adapted from observed data, (Khalil et al., 2013) and (Abdalla et al., 2009a)).

Site characteristics

Climate data
Latitude/longitude (decimal) 52.858/−6.915
Elevation (m) 58.208
Mean annual temperature 10.04
Annual accumulated precipitation 822.7
Land-use history Heavily cultivated for 40 years with a mix of oil seed rape, cereals and

sugar beet, was previously under pasture. Spring barley since 2000.
N concentration in rainfall (mg N l−1) 0.001⁎

Atmospheric CO2 concentration (ppm) 380⁎

Annual atmospheric N deposition (kg/ha−1): 11

Soil properties
Vegetation cover Spring Barley
Soil type Euteric Cambisol/Grey Brown Podzolics
Soil texture Sandy loam
Bulk density (g cm−3): 0–10/0–25 cm 1.42/1.48
Clay (%) 0–10/0–25 cm 15.13/14.73
Silt (%) 0–10/0–25 cm 25.63/33.73
Sand (%) 0–10/0–25 cm 59.24/51.55
Total SOC (kg ha−1): 0–10/0–25 cm 19,912/42,888
Total IOC (kg ha−1): 0–10/0–25 cm 3863/8163
Organic C content at surface (kg C kg−1) 0.019
Soil pH 0–10/0–25 7.24/7.35
AW at field capacity (mm): 0–10/0–25 cm 22.69/55.13
Water content at saturation (%): 0–10/0–25 cm 47.21 (AW = 29.51 mm)/45.56 = 133.87 mm (AW = 71.17 mm)
Water content at field capacity (%): 0–10/0–25 cm 40.39 (AW = 22.69 mm)/38.97 = 97.43 mm (AW = 54.73 mm)
Water content at wilting point (%): 0–10/0–25 cm 17.70 (AW = 17.70 mm)/17.08 (AW = 42.7 mm)
NH4 and NO3 (kg N ha−1): 0–10/0–25 cm 2.8/6.92 and 9.5/23.17
Harvest Grain harvest, mulch/till
Tillage Conventional and reduced
WFPS at field capacity (0–10 cm depth) 0.68
WFPS at wilting point (0–10 cm depth) 0.12
Depth of water retention layer (cm) 100
Depth of impermeable layer (cm) N150 (drainage class high)

⁎ Default Values.
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method is appropriate (Qiu et al., 2001; Quesada et al., 2004; Tromp-van
Meerveld and McDonnell, 2006; Martin et al., 2012). The derived SWC
ranged in values from9.8 to 67.85mm,with an average of 42.25 andme-
dian of 45.2 mm over the period.

3. Results & discussion

Fig. 4 illustrates the estimated Reco, derived from measurements
taken at theflux tower, Rh partitioned fromReco using the two previously
described methods and ECOSSE simulated Rh using the model parame-
ters outlined in Tables 1 and 2. A marked difference is evident between
the ECOSSE simulated soil heterotrophic respiration (Rh) values and Rh

values derived using themethods outlined above.While not unexpected,
largely due to the uncertainties associated with partitioning the net flux
Reco between its two gross components (Ra and Rh), the results are in
marked contrast to previous studies from the sitewhich employed a sim-
ilar approach (Khalil et al., 2013; Khalil, 2015).

Liu et al. (2006) previously found a strong correlation between soil
CO2 efflux and the daily variation of photosynthetically active radiation
Table 2
Management timeline of spring barley fertilized with CAN NitroSulphur.

2003 2004 2005 2006

Crop 1 sow 20/03/2003 26/03/2004 14/03/2005 20/03/2006
Crop 1 harvest 23/08/2003 26/08/2004 08/08/2005 01/08/2006
Fert 1 Date 15/04/2003 27/04/2004 16/04/2005 12/04/2006
Fert 1 (kg N/ha) 137 140 109 89.91
Fert 2 Date – – 10/05/2005 11/05/2006
Fert 2 (kg N/ha) – – 55 50
Crop 2 type – – Mustard Cover –
Crop 2 sow – – 12/09/2005 –
Crop 2 harvest – – 21/02/2006 –
(PAR). On investigation, a temporal offset is evident between the timing
of peak radiation and temperature at Oak Park, with leaf area index, here
used as a proxy for plant growth, more closely corresponding with radi-
ation (Fig. 5). The seasonality of Reco is dominated by above ground plant
respiration (Barr et al., 2004;Matteucci et al., 2015), in turn reflecting the
seasonal growth of plants. Hence, any partitioning of Reco to derive Rh

will ultimately reflect this seasonality. As Rh variability in ECOSSE is pri-
marily influenced/modified by temperature, an offset in model simulat-
ed Rh will result. However, the offset in timing between radiation and
temperature at the site is not sufficient to account for the difference be-
tween the model simulated and estimated values of Rh.

Subsequently, soil chamber measurements for 2004 were used to
compare to the model simulated Rh, as chamber measurements are
Fig. 2. Meteorology for 2004–2006 for Oak Park and 30 year climatology from 1974 to
2003 from Kilkenny synoptic station (~30 km from Oak Park).



Fig. 5.Radiation, Reco, temperature (2004–2006) and leaf area index (LAI) (2006)measured
at the site.Fig. 3. Cumulative PE illustrating the overestimation derived using the Hargreaves

calculation, compared to Met Éireann PE and PE modified, using calibration equation.
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considered more reliable than flux partitioned ecosystem respiration
(Dondini et al., 2017) (Fig. 6). The simulated Rh values appearmuch clos-
er to the CO2 soil chamber measurements after August, indicating that
the model is capturing a component of the measured soil respiration.
However, the model simulation does not replicate the measured soil
chamber values during the plant growing season, from April to August
(crop sowing date: 25 March; crop harvest date: 25 August).

To investigate this, the modifier equations outlined in Section 2.1.1
were applied to themeteorological data at the site to investigate poten-
tial sources of error in the timing andmagnitude of the ECOSSE simulat-
ed values.

3.1. Temperature modifier

For comparison, the comparable component expressions fromEq. (1)
(Lloyd and Taylor, 1994) and 2 (Jacobs et al., 2007)were employed along
with the ECOSSE temperature modifier (Eq. (3)) (Smith et al., 2010a) to
simulate soil respiration at the site. Fig. 7 shows the simulated soil respi-
ration response to temperature based on each of these methods, which
all produce results positively correlated with themeasured soil chamber
data (Spearman's Rho of 0.848 for each, significant at the 0.01 level). De-
spite the Jacobs et al. (2007) equation being derived for grasslands, the
outcome is consistent with both the ECOSSE and Lloyd and Taylor
expressions.
Fig. 4. Comparison between Reco, estimated from measurements at the flux tower, Rh

partitioned using relative proportions (Rh/Reco) from DNDC (following Khalil et al.,
2013), Rh partitioned using the method of Hardie et al. (2009) and ECOSSE model
simulated Rh, over the period 2004–2006.
3.2. Water modifier

The ECOSSE water modifier was then applied (Eq. (5)) to the model
simulated available water (AW); available as an output from the model
for each 5 cm soil layer. For the purposes of this evaluation, the water
modifier was applied to the simulated available water, accumulated
over each 5 cm layer to a depth of 25 cm. While the soil depth in the
ECOSSE model simulation was set to a depth of 45 cm, the dominant
soil efflux typically arises from the uppermost layers - SUNDIAL allocates
80% of SOM to the 0-25 cm layers - (Bradbury et al., 1993), and for sim-
plification, only the AWaccumulation to 25 cmwas used. Also, the selec-
tion of this depth allowed for a direct comparisonwith soilwater content
derived from measurements. Evident from Fig. 8, the model simulated
AW and consequently, the water modifier (mw) has a significant impact
on the simulated CO2 fluxes; results from applying both the temperature
andwatermodifier closely replicate the ECOSSEmodel simulated values,
indicating the importance of model simulated soil water content.
3.3. Crop and pH modifiers

Finally, the crop (mcrop) and pH (mpH) modifiers were applied. The
crop modifier follows Jenkinson (1977) and applies a rate of 0.6 when
the crop is growing, and 1 when the crop is absent. This acts to further
reduce the CO2 efflux during the growing season; but, in spite of the
threshold value applied (i.e. 0.6) its effect is proportionately small due
to the previous effect of the water modifier. The modifier of 0.6 is
Fig. 6. Comparison betweenmodel simulated Rh, Rh partitioned using DNDC andmeasured
soil respiration from the soil chamber experiment for 2004.



Fig. 9. SoilWater Content derived for a depth to 25 cm, based onmeasured volumetric soil
water content and ECOSSE modelled available water based on an accumulation of each
5 cm layer to a depth of 25 cm.

Fig. 7. Temperature modifiers (coloured lines), chamber data (dots) and model output
(solid black line) for 2004.
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arguably an arbitrary one, future work could examine the potential for
amplified respiration resulting from increased root growth andmicrobial
activity as plants grow.

As soil pH is near neutral (pH ~7.3) at the site, the modifier is as-
sumed to be 1, similar to RothC and SUNDIAL (Coleman and Jenkinson,
1996; Bradbury et al., 1993) for well managed arable soils and thus had
no impact on the calculated soil efflux.

3.4. Comparison with measured SWC

As a combination of the ECOSSE simulated AW and water modifier
were found to have the largest impact on the simulated soil efflux, the
model simulated AW was initially compared to the measured soil
water content (volumetric % converted to mm over 25 cm depth)
(Fig. 9). While the ECOSSE model appears to capture the timing and du-
ration of soil drying, themodel overestimates themagnitude. This is par-
ticularly evident in 2004, where the measured SWCs remain high (no
water stress), but the model simulated AW indicates complete drying
of the soil layers to 25 cm(water stress). During 2005 and2006, themea-
sured SWCs indicate drying of the soil layers, but the model simulated
AW again overestimates the magnitude, with complete drying of the
model soil layers for ~10 weeks in 2005 and ~3 weeks in 2006.

As measured SWC values were available, the ECOSSEwatermodifier
was applied to the SWC estimated to 25 cm (mw(SWC)), based on the
volumetric SWC measurements, rather than the model simulated AW.
Fig. 8. ECOSSE modifiers applied as follows, temperature (mt), temperature & water (mt,
mw), temperature, water, crop and pH (mt, mw,mcrop, mpH), and ECOSSE model simulated
soil respiration.
The results from this indicate a much lower suppression of soil respira-
tion, relative to the ECOSSEmodel simulated values (Fig. 10), particular-
ly during the plant growing season. This is evidenced by lower RMSE
and MAE values for the empirical model using mw(SWC) compared to
the actual ECOSSE model output; similarly, higher correlations are evi-
dent between the empirical model using mw(SWC) and the chamber
measurements (Table 3).

3.5. Model sensitivity to available water model parameter

Inconsistent reporting of available water content and differences in
the pattern of soil CO2 emissions resulting from different available
water inputs motivated further research into the impact of different
AW model parameter values. In the absence of direct field measure-
ments of soil water tension, field capacity, water content at wilting
point and water available at saturation are typically estimated using
pedotransfer functions (after Saxton and Rawls, 2006); in order to deter-
mine soil water characteristics based on soil parameters at varying ten-
sions. US based literature widely denotes −33 kPa as the tension at
field capacity and −1500 kPa the tension at wilting point; AW is then
the difference between the two. However, soil tension at field capacity
estimates can range from ~ − 10 kPa for sandy soils to −33 kPa for
Fig. 10. ECOSSE modifiers (mt, mw,mcrop, mpH) applied to both model simulated available
water (yellow line) and using measured SWC (blue line). Soil chamber measurements
are also plotted, along with the ECOSSE model simulated values.



Table 3
Correlation (grey) MAE and RMSE (white) for modelled SWC, observed SWC and model
simulated Rh.

mt, mw, mcrop, mpH mt, mw(SWC), mcrop, mpH Model

Chamber 0.154 0.775⁎ 0.238⁎

Model 0.961⁎ 0.515⁎ 1
MAEa 4.97 2.81 5.25
RMSEa 7.21 3.78 7.38

⁎ Correlation is significant at the 0.01 level.
a MAE and RMSE compare the chamber data to Rh derived from the ECOSSE modifiers,

modifiers using SWC, and model simulated Rh.

Table 4
Moisture characteristics from pedotransfer functions.

Sandy loam % Moisture 250 mm

Saturation (0 kPa) 44.6 111.5
Field capacity (10 kPa) 38.2 95.5
Wilting point (1500 kPa) 10.4 26
Available water (FC–WP) 27.8 69.5

1248 P. Flattery et al. / Science of the Total Environment 622–623 (2018) 1241–1249
loam and clay loam soils (Paul, 2006) with Irish soils being ‘commonly
near −5 kPa’ (Keane, 2004, pg. 85), further increasing the upper range
of available water estimates. Using pedotransfer functions at 33 kPa a
sandy loam soil has ~12% available water, at −10 kPa the same soil
has 29% available water. This gives a potential range of available water
from 30 to 72.5 mm/25 cm depending on kPa chosen for field capacity;
available water to 25 cm is required as an input parameter to the model.

Table 3 shows the results of pedotransfer equations for the sandy
loam soil at Oak Park based on Saxton and Rawls (2006). These values
differ from those reported by Abdalla et al. (2009b) who report water
filled pore space (WFPS) at field capacity and wilting point, and from
Khalil et al. (2013) who report AW at field capacity as 55.13 mm for
0–25 cm.

Changes to the AW input parameter of themodel were found to im-
pact the timing, but not the magnitude of CO2 fluxes, while changes to
water available at saturation and water content at wilting point have
no apparent impact on simulated CO2. Fig. 11 illustrates the ECOSSE
model output with the range of ten experimental runs using AW values
from 20 to 110 mm (wilting point to saturation for this soil – Table 4),
and the 5 and 95% confidence intervals around these experiments.

As modifying the available water parameter in the model was found
not to influence the resultant CO2 fluxes, adjustments to clay content
were performed to investigate the effects of soil structure on drainage.
Sensitivity testing of both clay and sand content in the soil yielded no
change in the excessive drainage or CO2 output of the model, changes
to the ‘drainage class’ of the soil also showed no change. Reducing PE
or increasing precipitation did affect soil moisture and CO2 outputs, but
it is difficult to justify artificial irrigation when not based in reality.
4. Conclusion

The development and application of models has a key role to play in
improving our understanding of soil carbon science but also in informing
and supporting future decisions on appropriate LULUCF management
Fig. 11. ECOSSEmodel sensitivity to availablewater (AW)withmean values displayed as a
solid black line and grey shading indicating the 5 and 95% confidence intervals.
options. However, prior to their use in decision making, such model
needs to be widely evaluated.

The ECOSSE model has been widely applied on mineral soils previ-
ously, principally for grassland systems. The current study evaluated
the model under an arable system on a free draining soil and was
found it was deficient in simulating available water. Investigating the
modifiers applied by the model to input data indicates that the simula-
tion of soil water in site-specific mode provides an inaccurate represen-
tation compared to estimates of SWC derived from measurements, and
in turn significantly impacts the simulation of soil respiration relative to
soil chambermeasurements. Thismay be due to the fact that tillage sys-
tems (particularly on free-drained sandy soils) are highly dynamic. The
use of observed SWCdata as input to thewatermodifier equation clear-
ly illustrates that excessive drainage of water in the model is suppress-
ing CO2 fluxes from the soil, a trend not replicated in the observations.
Model performance is significantly improved using observed SWC
data, which show a much higher correlation with chamber measure-
ments than the ECOSSE modelled respiration (r2 of 0.775 vs 0.154).
This excessive drainage cannot be counteracted by adjusting relevant
model parameters indicating a revision of the ECOSSEwater component
is needed for this model to perform optimally for arable systems on
mineral soils. While using ECOSSE for the estimation of soil organic car-
bon sequestration from cropping systemsmay prove to be robust as this
is often observed on a decadal scale based on cumulative annual fluxes,
these findings have implications for the simulation of greenhouse gas
emissions (particularly CO2 respiration and N2O emissions) for mineral
soil-based crop systems.

To generalize the results; 2004 represented a year in which the ob-
served and model soil water displayed the greatest divergence, hence
the effects on soil respiration are also likely to be greatest as a conse-
quence. While 2004 may represent an ‘anomalous’ model year in terms
of simulated water, such events provide an opportunity to investigate
model response more fully. To what degree are the findings specific to
the year and the case study location? At least one other study has
highlighted a similar model deficiency in soil water content (Bell et al.,
2011). If these models are to provide useful guidance to inform mitiga-
tion strategies of future soil emissions, then they need to demonstrate
a robust response to a broad range of meteorological conditions that
could arise as a consequence of changes in the climate system.

A comprehensive framework for model evaluations is ultimately re-
quired; identifying a global network of sites with the requisite model
input and evaluation data facilitating a more comprehensive inter-
comparison of models. The identification of outlier events, such as
2004, for use in evaluations would also provide a focus to where greater
research effort could be directed. The ultimate aim ofwhich is to demon-
strate the utility of these models and provide confidence in their use for
informing policy.
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