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Abstract 27 
28 

Increases in dissolved organic carbon (DOC) fluxes may relate to changes in sulphur and nitrogen 29 
pollution. We integrated existing models of vegetation growth and soil organic matter turnover, 30 
acid-base dynamics, and organic matter mobility, to form the ‘MADOC’ model. After calibrating 31 
parameters governing interactions between pH and DOC dissolution using control treatments on 32 
two field experiments, MADOC reproduced responses of pH and DOC to additions of acidifying and 33 
alkalising solutions. Long-term trends in a range of acid waters were also reproduced. The model 34 
suggests that the sustained nature of observed DOC increases can best be explained by a 35 
continuously replenishing potentially-dissolved carbon pool, rather than dissolution of a large 36 
accumulated store. The simulations informed the development of hypotheses that: DOC increase is 37 
related to plant productivity increase as well as to pH change; DOC increases due to nitrogen 38 
pollution will become evident, and be sustained, after soil pH has stabilised. 39 
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 44 

Introduction 45 
 46 
Observed increases in dissolved organic carbon (DOC) concentration in many north-temperate 47 
surface waters (Evans et al., 2005; Findlay, 2005; Oulehle and Hruska, 2009) may indicate changes in 48 
soil carbon storage (Freeman et al., 2001), and give rise to increased water treatment costs (Chow et 49 
al., 2003). These increases have been attributed to various factors (Clark et al., 2010), such as pH 50 
increase resulting mainly from a decline in sulphur (S) pollution (De Wit et al., 2007; Evans et al., 51 
2006; Evans et al., 2008a; Haaland et al., 2010; Monteith et al., 2007; SanClements et al., 2012); 52 
climate change (Freeman et al., 2001); nitrogen enrichment (Bragazza et al., 2006; Findlay, 2005; 53 
Pregitzer et al., 2004); changes in precipitation patterns (Hongve et al., 2004; Ledesma et al., 2012); 54 
or changes in management such as burning (Clutterbuck and Yallop, 2010; Holden et al., 2012). 55 
While it is doubtful that all of these proposed drivers have combined to cause an increase in DOC in 56 
all locations, it is likely that interactions among some factors, in particular acidification recovery and 57 
factors affecting plant productivity, will affect DOC fluxes. Several models of DOC dynamics have 58 
been developed (Futter et al., 2007; Jutras et al., 2011; Michalzik et al., 2003; Neff and Asner, 2001; 59 
Xu et al., 2012) but these generally focus on seasonal dynamics and require detailed inputs 60 
describing hydrological processes. There remains a need for a simple model, which simulates long-61 
term controls on DOC fluxes and is suitable for large-scale applications. In the current study, we 62 
summarised key processes affecting DOC into a simple annual-timestep model, and applied this to 63 
experimental and long-term monitoring studies in which DOC and acid-base dynamics could be 64 
related. 65 
 66 
Dissolved organic matter is defined as particles that pass through a 0.45 µm filter (Sleutel et al., 67 
2009), and includes molecules of 100 to 100,000 Da (Aitkenhead-Peterson et al., 2003) with variable 68 
C/N ratio and surface charge. The formation and loss of DOC are affected by biological and surface 69 
exchange processes. The sorption and flocculation of potentially-dissolved organic carbon (PDOC) is 70 
mediated by hydrophobicity, ligand exchange between surface hydroxyl groups and organic acids, 71 
electrostatic interactions, and coadsorption and competition with other anions (Tipping, 1990). 72 
Several of these processes are influenced by soil solution acidity. At low pH, much low-molecular-73 
weight organic matter stays in the solid phase, flocculated or adsorbed onto larger particles, in 74 
particular iron and/or aluminium oxyhydroxides (Sleutel et al., 2009). As pH increases, this organic 75 
matter tends to de-flocculate and desorb. In solution, acid groups on DOC partially buffer pH 76 
increases (Evans et al., 2008b; Krug and Frink, 1983). 77 
 78 
Fluxes of DOC are greater from more organic soils, and correlate well with soil total C/N ratio 79 
(Aitkenhead-Peterson et al., 2005; van den Berg et al., 2012). Concentrations of DOC are determined 80 
not simply by soil solution acidity but also by the dynamics of soil C. During decomposition, DOC is 81 
produced by the action of microorganisms on plant litter and soil organic matter. Decomposition in 82 
organic soils is commonly impeded by anaerobic conditions, and may only proceed as far as soluble 83 
forms of C. Studies of 14C concentration indicate that much of the DOC in streams (Raymond et al., 84 
2007; Tipping et al., 2010) and in peat pipes (Billett et al., 2012) results from recent inputs of plant-85 
derived C. This recent origin implies that, other factors being equal, DOC concentrations are likely to 86 
be correlated with plant productivity. This inference is supported by the conclusion of Larsen et al. 87 
(2011a) from a study of Norwegian lakes that a correlation of DOC concentration with temperature 88 
was primarily due to increased vegetation cover. In a related study, by far the best predictor of lake 89 
DOC concentration among a set of catchment properties that included annual mean temperature, 90 
slope, and fractions of bog, forest and arable land, was the normalised-difference vegetation index, 91 
which indicates photosynthetic capacity (Larsen et al., 2011b). Evidence that DOC fluxes are 92 
correlated more strongly with solar radiation 1-2 months previously than with air or soil 93 
temperature (Harrison et al., 2008) also indicates the importance of recently fixed C.  94 
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 95 
Nitrogen deposition has variable effects on DOC flux. It has been suggested that N pollution will 96 
increase DOC flux due to the suppression of phenol oxidase activity by nitrate (DeForest et al., 2004), 97 
but no evidence was found for this effect in an experimental study (DeForest et al., 2005). Increased 98 
N deposition has been observed to decrease (De Wit et al., 2007), increase (Filep and Rekasi, 2011), 99 
or have no net effect on (Emmett et al., 1998; Fernandez and Rustad, 1990; Stuanes and Kjonaas, 100 
1998) DOC flux. None of these studies reported effects on plant productivity, so it is difficult to judge 101 
which of these systems was N-limited. Productivity is limited by N supply in many terrestrial 102 
ecosystems, since N is energetically expensive to obtain through fixation and easily lost through 103 
leaching and gaseous pathways (LeBauer and Treseder, 2008; Vitousek and Howarth, 1991), but at a 104 
given site other limitations may predominate such as growing season length (Kerkhoff et al., 2005) 105 
or availability of other nutrients (Menge et al., 2012). Increases in plant productivity as a result of 106 
chronic pollution with reactive N have however been observed at least in the short term in many 107 
forest ecosystems (Bontemps et al., 2011; Hogberg et al., 2006; Lu et al., 2012; Wei et al., 2012) and 108 
are likely in other habitats where N has historically been limiting. Where increased N supply 109 
increases productivity, there will potentially be an increase in DOC flux, although this also depends 110 
on soil and hydrological properties that determine the retention, transport and mineralisation of 111 
DOC. 112 
 113 
Soils often change considerably in organic matter content, biotic activity and surface chemistry with 114 
depth. Mineral soil horizons with large concentrations of iron and/or aluminium oxyhydroxides 115 
generally have greater DOC sorption capacity than organic horizons. In a study of Belgian forests, 116 
sorption was responsible for substantial retention (67-84%) of DOC entering the mineral soil profile 117 
with forest floor leachate (Sleutel et al., 2009). Reductions in S pollution and sulphate concentrations 118 
may free up anion exchange sites in lower soil horizons, increasing the sorption of DOC (Borken et 119 
al., 2011). Much of the retained organic matter is likely to be mineralised before it can be leached, 120 
resulting in lower DOC concentrations in streams than in soil solution. This process also releases 121 
mineral N, which may be re-immobilised or taken up by plants, depending on the amount of labile C-122 
rich organic matter and the presence of plant roots within deeper soil layers. These processes can 123 
result in considerable decoupling between fluxes of dissolved organic N (DON) and DOC (Kalbitz et 124 
al., 2000).  125 
 126 
The concentrations of DOC in rivers and lakes are affected by DOC efflux from different landscape 127 
elements depending on the flow regime (Laudon et al., 2011). Flow pathways through soil vary with 128 
rainfall intensity. During high-flow periods, much of the streamflow derives from near-surface 129 
drainage through more organic horizons (Hagedorn et al., 2000), resulting in greater stream DOC 130 
concentrations and considerably greater DOC fluxes during storm events (Buffam et al., 2001). 131 
Conversely, during periods of low water flow, DOC concentrations in streams are reduced by surface 132 
interactions and mineralisation within the mineral soil. As well as affecting flow pathways and (via 133 
effects on anaerobiosis) DOC formation, water flux directly affects the solubilisation of DOC since 134 
greater volumes of water allow more dissolution of PDOC. Thus DOC concentrations do not show a 135 
strong decline with precipitation (Haaland et al., 2008; van den Berg et al., 2012), as would be 136 
expected from simple dilution.  137 
 138 
Previous approaches to modelling DOC fluxes (Futter et al., 2007; Jutras et al., 2011; Michalzik et al., 139 
2003; Xu et al., 2012) have most often focused on seasonal and episodic variation in DOC production 140 
and in flow pathways through soil layers, and consequently require detailed hydrological and 141 
meteorological parameterisation. For modelling long-term changes in DOC flux we assume that the 142 
key processes are the production, mineralisation and solubilisation of DOC. A similar approach was 143 
taken by Neff and Asner (2001), who based their DOC model on a three-pool soil C model 144 
instantiated in four soil layers and with an hourly-timestep hydrology model. In the current study we 145 
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propose a much simpler approach to modelling DOC changes using a Model of Acidity Dynamics and 146 
Organic Carbon (MADOC), developed by integrating models of: a) plant production and soil total C 147 
and N dynamics; b) partitioning of DOC between solid and dissolved phases; and c) acid-base 148 
kinetics. The MADOC model simulates the effects on long-term trends of DOC of large-scale 149 
ecosystem drivers such as air pollution by N and S. The aim of the study was to determine whether 150 
observed changes in soil solution and stream chemistry across a range of experimental and long-151 
term monitoring sites can be simulated using a combination of these relatively simple models. 152 
 153 

Methods 154 
 155 
Model development 156 
 157 
Three annual-timestep models of vegetation and soil dynamics were dynamically integrated to form 158 
the MADOC model: N14C (Tipping et al., 2012), VSD (Posch and Reinds, 2009), and a simplified 159 
version of DyDOC (Michalzik et al., 2003). A major goal in developing the model was to limit 160 
structural detail and number of parameters wherever possible, resulting in a model that is 161 
generalisable and widely applicable. The model simulates dynamics within a one dimensional 162 
vegetation-soil column and is suitable for simulating experimental plots, and larger-scale areas 163 
where spatially-lumped parameters can be used. The integrated model was developed in Fortran90; 164 
an executable version is available on request. Data for calibrating the model were obtained from 165 
control treatments on experimental N addition sites, and the model was tested against data from 166 
acidified and alkalised treatments from these sites, and from long-term monitoring sites.  167 
 168 
The VSD model (Posch and Reinds, 2009) was developed as the simplest dynamic model compatible 169 
with the computation of critical loads for S and N deposition by simple mass balances (UBA, 2004), 170 
and is based on solving equations that describe competition among cations for exchange sites and 171 
thus the partitioning of ions between the solution and adsorbed phases. The model was run using 172 
Gapon exchange kinetics. Whereas the original model assumed complete nitrification (and thus zero 173 
concentration of NH4

+ in soil solution), the version included in MADOC uses the concentrations of 174 
NO3

- and NH4
+ supplied by the N14C model, as described below. A retained fraction of deposited S 175 

can be specified to simulate retention of reduced and organic S. A version of VSD without surface 176 
exchange processes was used to simulate the chemistry of subsoil solution and of surface waters. 177 
 178 
The N14C model (Tipping et al., 2012) simulates C and N dynamics in vegetation and soils, tracking 179 
three organic matter pools with mean residence times at 10 oC of 2, 20 and 1000 years. The turnover 180 
of these pools is divided between a mineralisation flux (into CO2 or inorganic N) and a proportion 181 
becoming low-molecular-weight PDOM. In the version used within MADOC the proportions of C and 182 
N turnover were allowed to differ, to represent uncoupling of solution DOC and DON. The year is 183 
subdivided into a cold season, when mineralised N is either re-immobilised or leached, and a 184 
growing season, when plant uptake can occur before immobilisation or leaching. Litterfall returns C 185 
and N to the soil organic matter pool, although a vegetation-type-specific proportion of plant 186 
biomass is retained from year to year. 187 
 188 
The DyDOC model (Michalzik et al., 2003) simulates the formation, transport and retention of DOC 189 
within soil profiles. We adapted the model by simplifying the original three-horizon structure and 190 
removing hydrological detail. The simplified model is described below, and parameters are listed in 191 
Table 1. A pool of PDOM was defined in terms of stocks of C and of N. The annual change in these 192 
pools (Equations 1 and 2) was determined from input fluxes (fixed proportions of overall soil C and N 193 
turnover as calculated using the N14C model), mineralisation calculated using a first-order 194 
exponential function, and leaching. 195 
 196 
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      [1] 197 

      [2] 198 

 199 
where Cpd and Npd are single pools of potentially-dissolved C and N in g m-2, TC and TN are the net 200 
annual turnovers of C and N in g m-2 yr-1 as calculated by the N14C model, kinpdC and kinpdN are the 201 
proportions of these turnovers entering the potentially-dissolved pools, kminpd is the rate constant for 202 
mineralisation of both Cpd and Npd pools in yr-1, Wd is the water drainage flux in g m-2 yr -1, and cDOC 203 
and cDON are concentrations in the soil solution in g g-1. These concentrations were calculated from 204 
the stocks of potentially-dissolved C and N, assuming that in the absence of soil the whole stock 205 
would be dissolved, resulting in a concentration determined by water mass. Soil reduced this 206 
concentration according to soil mass and a pH-dependent coefficient determining partitioning 207 
between solid and solution phases (Equations 3 and 4). 208 
 209 

          [3] 210 

 211 

          [4] 212 

 213 
where MW is the mass of water (g m-2), including both annual average water content and annual 214 
drainage flux, MS is the mass of soil (g m-2), and kD is a partitioning coefficient calculated as the 215 
average coefficient for mineral and organic soil, weighted by the thickness of these horizons 216 
(Equation 5). 217 
 218 

         [5] 219 

 220 
where kDorg and kDmin are partitioning coefficients for organic and mineral soil, and Lorg and Lmin are 221 
the thicknesses in m of the organic and mineral horizons. The partitioning coefficients were 222 
dependent on soil solution H+ activity, and were calculated for organic soil (Equation 6) and mineral 223 
soil (Equation 7) using different values for a partition constant.  224 
 225 

          [6] 226 

          [7] 227 
 228 

where kDorg and kDmin are the partitioning coefficients for organic and mineral soil, org and min are 229 
the partition constants (m3 g-1 L mol -1) for organic and mineral soil, and aH+ is the soil solution H+ 230 
activity (mol L-1). 231 
 232 
Quantities passing among the component models are illustrated in Figure 1. In the current study, the 233 
main drivers of interest were N and S deposition. Nitrogen dynamics in soil and vegetation were 234 
simulated using N14C. The original N14C model calculated a flux of DOM, which in the current model 235 
was assumed to enter a PDOM pool as described above. With mineralisation of this potentially-236 
dissolved pool, there was further release of mineral N, which was then leached. The DON flux 237 
calculated by MADOC was assumed not to contribute to plant uptake. Total mineral N release as 238 
calculated by the N14C and DyDOC models was split between reduced and oxidised forms, using a 239 
soil-type-specific constant nitrate proportion, Pnit. The VSD model determined ion exchange 240 
dynamics according to this supply of ammonium and nitrate, deposition rates of S and other 241 
elements, and DOC flux as calculated by DyDOC. A constant proportion, Psites, of the DOC was 242 
assumed to be able to form acid anions, i.e. a fixed value for dissociation site density. The value of 243 
pH influenced DOC dissolution in the DyDOC model.  244 
 245 
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The N14C model allows for the adsorption of DOC to mineral surfaces in deeper soil horizons, using a 246 
simplified version of the algorithm used for the upper horizons. Surface waters were assumed to 247 
have undergone these deeper soil processes, so stream and lake DOC measurements were 248 
compared with simulated DOC flux flowing from the deeper soil. Of the DOC flux from the upper 249 
horizons, a proportion is assumed to bypass the deeper soil, with the remainder entering the 250 
deeper-soil pool. The proportion bypassing the deeper soil pool was assumed to be one for peats 251 
and gley soils, and zero for other soils. A temperature-dependent proportion of the deeper-soil pool 252 
is mineralised each year, and a proportion leached. In the original N14C model this proportion was 253 
fixed, but the rapid changes in UK surface-water DOC concentrations (Monteith and Evans, 2005) 254 
suggest that pH changes are also affecting the subsoil sorbed C pool. The dissolution of potentially-255 
dissolved subsoil C was therefore made pH-dependent, using the same partition constant (αmin) as 256 
for shallower mineral soil. The DOC flux from deeper soil was converted to a concentration, based on 257 
precipitation surplus, and other solute concentrations were as predicted for topsoil leachate by 258 
MADOC. The pH values for the subsoil and surface waters were calculated using instances of a 259 
simplified version of VSD that does not include weathering or cation exchange. To avoid the need to 260 
seek solutions to simultaneous equilibria, the N14C and DyDOC models used pH values calculated for 261 
the previous year. 262 
 263 
Data sources 264 
 265 
An experiment to study the effects of acid anion and base cation deposition on soil solution 266 
chemistry was set up in 2007, on British upland moor sites on the Migneint range (52o 59.6' N, 3o 267 
48.8'W) and in the Peak District (53o 28.3' N, 1o 54.5' W) (Evans et al., 2012b). On each site, additions 268 
of acidifying solution (H2SO4) or alkalising solution (mainly NaOH, with some CaCl2, MgCl2 and KCl) 269 
were made to both peat and podzol soils, with four replicate plots. Equivalent volumes of rainwater 270 
were added to control plots. The trajectories of deposition, including atmospheric and experimental 271 
additions, are illustrated in Figure 2. The current study related MADOC predictions of yearly mean 272 
soil solution chemistry to yearly mean soil solution measurements for each of the treatments. Soil 273 
solution was sampled using suction lysimeters at 5-10 cm depth, and the simulations were run for 274 
soil above 10 cm depth. The soil was organic to at least the depth of the samplers in both the peat 275 
and the podzol treatments. Following calibration of the MADOC model using the control treatments 276 
of the experimental study (see below), the performance of the model against an independent 277 
dataset was evaluated, with minimal additional calibration. This dataset was obtained from the Acid 278 
Waters Monitoring Network (AWMN), a set of 22 lakes and streams in upland areas of the UK that 279 
has been monitored since 1988 (18 sites) or 1990-1991 (four sites) (Evans et al., 2010b; Monteith 280 
and Evans, 2005; Patrick et al., 1991). 281 
 282 
Present-day S and mineral N deposition estimates for all sites were obtained using CBED model 283 
estimates for the years 2006-2008 (Smith et al., 2000). The history of depositions at each site after 284 
1910 was estimated by scaling to historic sequences obtained using the FRAME model (Dore et al., 285 
2009). Following Tipping et al. (2012), pre-1850 N deposition was assumed to be zero, with 286 
ecosystem N during this period supplied entirely from N2 fixation at a rate of 0.3 g m-2 yr -1. 287 
Atmospheric N deposition during the 1850-1910 period was assumed to increase linearly from zero 288 
to the rate calculated by the deposition model for 1910. 289 
 290 
Fixed inputs for the MADOC model are listed in Table 1, and site-specific inputs are listed in Table 2. 291 
Organic acids were assumed to be triprotic, and mean values from a study by Oulehle et al. (in press) 292 
were used for dissociation constants for the three protons and for Psites. The partial pressure of CO2 293 
in solution in soil was assumed to be 0.037 atm, i.e. 100 times atmospheric concentration, and to 294 
decline in streams to twice atmospheric concentration, and in lakes to atmospheric concentration. 295 
Net plant uptake was assumed to be zero, since there was little or no harvest of nutrient elements 296 
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from the modelled catchments. Weathering of N, chloride (Cl–), sulphate, phosphate and sodium 297 
were assumed to be zero. The temperature range (difference between growing season and non-298 
growing season in mean temperature) was set to 7 oC for all sites. Values for several MADOC inputs 299 
which are difficult to ascertain experimentally were obtained by calibrating the model to 300 
observations, as described below. Values for other input parameters for the N14C submodel were as 301 
described in (Tipping et al., 2012).  302 
 303 
Calibration of model parameters 304 
 305 
The model was calibrated to measurements from control treatments on the experimental sites, by 306 
minimising the sum of absolute differences using the Nelder-Mead simplex method (Nelder and 307 
Mead, 1965). For simultaneous calibrations to more than one type of measurement, the error for 308 
each was weighted by the inverse of the mean measured value. Simulations began 12000 years 309 
before present, to allow organic matter pools to stabilise. Parameter values were fitted in sequence. 310 
Firstly, Cl– deposition as estimated for each of the two sites by the CBED model was adjusted to 311 
minimise error in soil solution Cl–, assuming that Cl– is fully conservative in the soil. Soil solution Cl– 312 
provides a proxy measurement of the deposition input which is more accurate than modelled 313 
deposition estimates. The marine component of inputs of other ions was adjusted in the same ratio. 314 
Next, the sodium (Na+) weathering rate was adjusted for each site and soil type to minimise error in 315 
soil solution Na+. The VSD parameter fSret, i.e. the proportion of S deposition that is immobilised and 316 
does not contribute to SO4

2- leaching, was then adjusted for each site and soil type to minimise error 317 
in soil solution SO4

2-. Next, the aluminium (Al3+) equilibrium constants for each site and soil type 318 
were adjusted to minimise error in soil solution total inorganic Al3+. VSD considers exchange of 319 
calcium (Ca2+), magnesium (Mg2+) and potassium (K+) together, so the total weathering rate of these 320 
cations for each site and soil type was adjusted to minimise error in total concentration of Ca2+, Mg2+ 321 
and K+. Once the simulations had been constrained to match these major ion fluxes as closely as 322 
possible given sampling error in the measurements, model parameters governing organic matter 323 
dynamics were adjusted. The kinpdN parameter has a major influence on the long-term development 324 
of soil C and N pools, and was adjusted for each site and soil type to minimise error in soil total C/N 325 
ratio. To minimise error in DOC flux, firstly kminpd and αorg were adjusted using single values for all 326 
soils and sites, and then the kinpdC parameter was adjusted separately for each site and soil type. The 327 
DOC site density was then adjusted separately for each site and soil type to minimise error in pH. 328 
 329 
A similar calibration procedure was followed for the AWMN sites, fitting Cl– deposition to minimise 330 
error in surface water Cl–, Na+ weathering to minimise error in surface water Na+, and fSret to 331 
minimise error in surface water SO4

2-. Base cation fluxes in surface water include subsoil base cation 332 
weathering. To avoid unrealistically high Ca2+ concentrations in surface soil, published values for 333 
surface soil Ca2+ weathering were used (Aherne et al., 2007) and the error in surface water Ca2+ was 334 
minimised by adjusting subsoil Ca2+ weathering. Parameters governing DOM dynamics were not 335 
calibrated separately for the AWMN sites, to determine whether the values established at the 336 
experimental sites are applicable more widely. The means of previously fitted values of kinpdC, kinpdN 337 
and Psites for peat and podsol were used, and the area proportions of peat and podsol within the lake 338 
or stream catchment were used to derive a weighted mean value for the catchment for these 339 
parameters.  340 
 341 
The accuracy of simulated data was assessed in relation to observations using the Nash-Sutcliffe 342 
coefficient of determination (NSCD), calculated as (1 – residual variance/variance of measured data) 343 
(Nash and Sutcliffe, 1970). For the AWMN sites, the NSCD was calculated using mean observations 344 
and mean simulated values for the study period. 345 
 346 
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The sensitivity of predicted DOC fluxes to variation in deposition fluxes of S and N, and variation in 347 
mean annual temperature and precipitation surplus, was explored for an example site, the control 348 
treatment on Migneint podzol. Simulations were carried out using historic and projected deposition 349 
fluxes, as above, until 2020. Different rates of S and N deposition, or different combinations of mean 350 
annual temperature and precipitation surplus, were then applied and kept constant until 2100. The 351 
DOC flux, pH and NPP were assessed in the year following the change (2021) and in 2100.  352 
 353 
The MADOC model was developed to use a relatively small parameter set, for model parsimony and 354 
to facilitate upscaling. The MADOC model uses many of the same inputs as VSD, and a regional 355 
application to British peat bogs was carried out based on data collated by the UK National Focal 356 
Centre for critical loads mapping, as described in Evans et al. (2012a). Spatial data were derived 357 
under the Defra Critical Loads and Dynamic Modelling project, http://cldm.defra.gov.uk/.  358 
 359 

Results 360 
 361 
Simulated responses of pH and DOC flux corresponded to the measured increases in these quantities 362 
in response to acidification and decreases in response to alkalization (Figure 3). Some instability was 363 
observed in predicted trajectories of pH and DOC in the alkalised treatments, due to the 364 
simplification whereby DOC solubility in the model is determined by pH in the preceding year. This 365 
instability was only observed following an abrupt increase in pH. The model predicted DOC fluxes 366 
across all measurement years and treatments reasonably well (Figure 4; NSCD = 0.61). Values for pH 367 
were predicted with less accuracy (Figure 4; NSCD = 0.24) but the overall trend of experimental 368 
responses was reproduced.  369 
 370 
Model runs for the AWMN surface waters dataset showed reasonable correspondence between 371 
MADOC predictions and measured trends in pH and in DOC flux, although there was some 372 
inaccuracy in predicted mean values, as illustrated by time-series plots of observations and 373 
predictions from an example site (Figure 5). After calibration of Cl deposition rate, Ca weathering 374 
rate and the Al equilibrium constant for each site, the MADOC model reproduced measured Cl–, Al3+ 375 
and total base cation concentrations (not shown). Without further calibration, values were predicted 376 
with limited accuracy for pH (NSCD = -0.47, Figure 6a) and better accuracy for DOC flux (NSCD = 0.11, 377 
Figure 6b). The upward trends in DOC and pH at many sites were reproduced (Figure 6c, 6d), 378 
although in most cases the model over-predicted increases in pH, and under-predicted increases in 379 
DOC.  380 
 381 
Responses of the model to different N and S deposition rates applied from 2020 are shown in Figure 382 
7. Soil solution pH responded as expected, showing an effect of S in the year immediately following 383 
application of the new loading. Initially, N loading did not affect pH, since all of the applied N was 384 
either immobilised or taken up by plants, and was therefore not leached. After 80 years, greater N 385 
deposition rates gave rise to N-saturation, more N leaching, and somewhat lower pH. The DOC flux 386 
initially responded only to changes in S deposition, with more S giving lower pH and decreased DOC 387 
flux. However, after 80 years the effects of N deposition are also evident, and the cumulative effects 388 
of N on net primary productivity (NPP) and therefore the release of DOC from relatively young 389 
organic material led to greater DOC fluxes at higher N loadings.  390 
 391 
Responses of the model to changes in precipitation surplus and mean annual temperature, applied 392 
from 2020-2100, showed only minor differences in initial response and response after 80 years 393 
(Figure 8). There was a clear increase in NPP with mean annual temperature, but little effect of 394 
precipitation surplus on NPP. The DOC flux increased with temperature, principally as a result of 395 
greater NPP at higher temperatures, and also increased with precipitation surplus, since a greater 396 
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volume of soil water increased the amount of PDOC in the solute phase. The pH response to climatic 397 
changes was driven by simulated DOC flux, with greater DOC fluxes resulting in lower pH values.  398 
 399 
The example maps (Figure 9) illustrate the spatial variation in pH and DOC across UK peat bogs, as 400 
simulated by the MADOC model. Larger DOC fluxes were simulated in peat towards the south and 401 
east than in the north and west, and coincided with lower simulated pH. Areas with low pH and large 402 
DOC fluxes were associated with large rates of N and also S deposition. A simple interpretation that 403 
DOC flux is controlled within the model by productivity stimulation rather than by acid suppression 404 
would be incorrect, however, since areas with high current S deposition also historically received 405 
very large S inputs and have therefore recovered from acidification more strongly. The simulations 406 
suggest that the spatial pattern of DOC in the UK is determined by both pH increase with reductions 407 
in S deposition, and by productivity stimulation by ongoing N pollution.  408 
 409 

Discussion 410 
 411 
Increases in pH and DOC in alkalised experimental treatments, and decreases in acidified treatments, 412 
were reproduced by the MADOC model. The changes were largely due to increased solubilisation of 413 
PDOC as a result of higher pH, reflecting observations in field studies which have attributed DOC 414 
increase to recovery from acidification (Haaland et al., 2010; Monteith et al., 2007; SanClements et 415 
al., 2012). The buffering effect of DOC on pH was well represented. The model also reproduced 416 
changes in pH and DOC in the independent dataset from the AWMN with minimal extra calibration. 417 
In contrast to the soil solution sampled in the experimental treatments, the AWMN samples were 418 
obtained from stream and lake samples, and hence many had greater pH and base cation 419 
concentrations due to the influence of basal flow paths through deeper mineral soil. By calibrating 420 
the aluminium equilibrium constant and base cation weathering rates, stream and lake base cation 421 
concentrations were successfully reproduced. Without further calibration, the predicted pH and DOC 422 
fluxes for the independent dataset matched observations reasonably well (Figure 6). Further 423 
calibration could be used to increase accuracy – for example, fitting site-specific values for kinpdC 424 
resulted in considerable improvements in prediction accuracy for pH (NSCD = 0.01) and DOC flux 425 
(NSCD = 0.64) (data not shown). These results give some confidence that the MADOC model can 426 
simulate DOC and pH change in a range of environments. 427 
 428 
The observed lack of pH response to experimental acid and alkali additions on the Migneint peat site 429 
(Figure 3a) was not simulated by the model, and was the main cause of inaccuracy in overall 430 
performance (Figure 4a). This lack of response may have been due to the dilution of treatments by 431 
lateral water movement at this very wet site, where water tables frequently come close to the 432 
surface, above the zone in which soil solution samplers were located. This interpretation is 433 
supported by small observed changes in Na+ concentrations in the alkaline (NaOH) addition 434 
treatments on this site (data not shown). On this basis, we conclude that poor performance of the 435 
model at this site was at least partially explained by issues relating to the experimental site itself.  436 
 437 
When applied at catchment scale the model performed less well, in particular overestimating the 438 
rate of pH change and underestimating the rate of DOC change over the approximately 20 year 439 
period. This suggests that the simulations should have included a greater effect of pH increase on 440 
DOC dissolution from mineral soil layers, which would have buffered the simulated pH increase. 441 
Complexation of DOC with aluminium in the mineral soil at lower pH, which was not simulated, may 442 
also partially explain the greater apparent sensitivity of DOC concentrations in surface waters to 443 
changes in sulphur deposition, compared to  those surface organic soil horizons, and thus the larger  444 
observed versus modelled rate of increase of surface water DOC with recovery from acidification 445 
(Evans et al., 2012b). 446 
 447 
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Simulated DOC fluxes proved sensitive to several factors that have been highlighted by previous 448 
authors, notably soil solution pH, but were also strongly affected by plant productivity and the 449 
resultant increase in soil organic matter in the fast-turnover pool. The main processes governing 450 
DOC concentration within the model are illustrated by sensitivity plots (Figure 7, Figure 8). In the 451 
year following a change in simulated N and S load, effects on DOC flux are dominated by pH change 452 
on the solubility of the pre-existing PDOM pool, and hence DOC flux is correlated with changes to 453 
the S load rather than to the N load. However, after maintaining simulated application rates for 80 454 
years, changes in simulated DOC flux were also strongly affected by the effects of N deposition on 455 
plant productivity. The DOC flux is simulated as a constant proportion of total organic matter 456 
decomposition, most of which is of the active organic matter pool that is derived from plant 457 
production in the previous year. This matches observations that much DOC is of recent origin (Evans 458 
et al., 2007; Raymond et al., 2007; Tipping et al., 2010).  459 
 460 
The simulated productivity increase due to release from N limitation is realistic, although whether 461 
this increase will be sustained is questionable. Limitation by N is widespread (LeBauer and Treseder, 462 
2008) and so an initial increase in productivity with more N deposition is likely. Other limitations to 463 
plant growth may then start to dominate, such as temperature, drought, water saturation or 464 
deficiencies in other nutrients (Braun et al., 2010). Nitrogen can be obtained from the atmosphere, 465 
so the supply of phosphorus and other elements obtained from mineral weathering may be a more 466 
fundamental long-term constraint (Menge et al., 2012). However, increased N availability can 467 
increase the supply of other plant nutrients (Olander and Vitousek, 2000; Rowe et al., 2008) leading 468 
to eventual nutrient element co-limitation in many ecosystems (Elser et al., 2007; Vitousek et al., 469 
2010). In a review of the effects on DOC fluxes of experimental N additions, Evans et al. (2008a) 470 
concluded that direct effects of N on plant growth and organic matter cycling were often obscured 471 
by pH changes resulting from the ionic form of the N applied and counter-ion additions. In a gradient 472 
study, (Bragazza et al., 2006) concluded that DOC concentrations increased with N deposition, noting 473 
that N deposition can increase enzyme fluxes, increase plant productivity, and drive changes in plant 474 
species composition towards more easily-decomposed species. The predicted increase in DOC flux 475 
with N deposition corresponds to this trend, and suggests that effects of recovery from acidification 476 
on DOC solubility may not be acting in isolation, but rather are reinforcing a more gradual long-term 477 
increase in DOC linked to rising productivity. Further research is needed to test this hypothesis. 478 
 479 
Oulehle et al. (in press) proposed a switch in determination of DOC fluxes from ‘solubility control’ to 480 
‘supply control’. Supply control implies that a change in pH and therefore DOC solubility will change 481 
the PDOC pool, eventually causing DOC fluxes to become more similar to fluxes before the pH 482 
change. Increased pH will increase PDOC dissolution, depleting the PDOC pool, whereas decreased 483 
pH will allow a larger PDOC pool to build up and eventually increase DOC fluxes again. However, 484 
retained PDOC is susceptible to mineralisation, so DOC fluxes are unlikely to revert entirely to values 485 
observed before the pH change. In the simulations presented, changes to DOC fluxes due to 486 
acidification or alkalisation were maintained, with only a small tendency for concentrations to revert 487 
towards the values in the control treatment. A given increase in DOC flux may be explained equally 488 
well by a PDOC pool that turns over slowly or rapidly, although these alternatives affect the speed 489 
and extent with which the DOC flux returns to its previous value following a change in pH (Figure 490 
10). A PDOC pool with a large turnover rate results in more sustained increase in DOC as a result of 491 
pH increase, whereas if input and output PDOC fluxes are smaller, the rise is more short-lived. The 492 
experimental dataset has not run for long enough to distinguish these effects, and we are uncertain 493 
as to which type of response prevails. Increases in DOC with recovery from acidification seem likely 494 
to have been sustained, given that they are noticeable in long-term monitoring datasets and across 495 
sites with distinct deposition histories (Evans et al., 2005). However, many of these observations 496 
have taken place against a background of continuously declining S deposition, so it is not certain that 497 
concentrations will remain high once S inputs have stabilised.  498 
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 499 
The predicted increase in DOC flux with precipitation surplus (Figure 8) corresponded to 500 
observations that DOC flux is correlated with water flux (Buckingham et al., 2008) and that DOC 501 
concentrations are less strongly reduced by precipitation than would be suggested by a simple 502 
dilution model (Haaland et al., 2008; van den Berg et al., 2012). Although the increase in simulated 503 
DOC flux was not proportionate to the increase in precipitation surplus, greater volumes of water 504 
increased the partitioning of PDOC into the dissolved phase. Simulated DOC fluxes increased with 505 
temperature, mainly because higher temperatures stimulated organic matter turnover and N 506 
mineralisation. This effect seems likely to be masked by continuing N pollution in many ecosystems.  507 
 508 
The simulated effects and interactions may be formulated as hypotheses generated by the model: 509 

H1: Spatial and/or temporal patterns of DOC increase are related to patterns of plant productivity 510 
increase as well as to recovery from acidification.  511 
H2: The cumulative effects of fertilisation by reactive N deposition, and reduced mineralisation of 512 
PDOC resulting from more rapid solubilisation and leaching, will cause a sustained increase in 513 
DOC even after soil pH has stabilised. 514 

These hypotheses could be tested against survey and long-term monitoring datasets, although 515 
controlled field or lab experiments may be necessary to separate the effects of N and S pollution.  516 
 517 
Predictive representations of DOC dynamics are essential for closing C budgets in ecosystem models 518 
and understanding interactions between pollutant deposition, changes in C stock, water quality and 519 
climate change. Despite the existence of significant feedbacks between pH and DOC flux, and 520 
between NPP and N flux, a relatively simple integrated model proved capable of reproducing the 521 
effects of key drivers as observed in experiments and surveys. The study illustrates the value of 522 
constraining the overall complexity and parameter requirement of an integrated model by using 523 
simple components. As well as predicting changes to DOC and pH, the MADOC model can be used to 524 
explore the effects of multiple pollutant and climate drivers on multiple endpoints including soil 525 
total C and N, plant-available N, plant productivity and nitrate leaching, and so will be useful for 526 
analysing a range of policy scenarios.  527 
 528 
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 768 

Tables 769 
 770 
Table 1. Fixed input values for the MADOC model. 771 

Parameter Description Value 

kminpd Proportion of potential DOC mineralised, yr-1
 0.432 

a
 

αorg DOC sorption constant in organic soil, m
3
 g

-1
 L mol

-1
  2.20 x 10

6 a
 

αmin DOC sorption constant in mineral soil, m
3
 g

-1
 L mol

-1
 7.62 x 10

6 a
  

pKpar(1) 1
st

 dissociation constant for triprotic organic acids  3.5 
b
 

pKpar(2) 2
nd

 dissociation constant for triprotic organic acids 4.4 
b
 

pKpar(3) 3
rd

 dissociation constant for triprotic organic acids 5.5 
b
 

KHBc selectivity constant for H-Bc exchange 199.5 
c
 

expAl aluminium equilibrium exponent 1.85
 d

 

kinpdN Proportion of N turnover entering potentially-dissolved pool 0.0274 
a
 

a fitted; b (Oulehle et al., in press); c (Hall et al., 2003); d (UBA, 2004).  772 
  773 
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 774 
 775 
Table 2. Site-specific inputs for the MADOC model. Values used for the experimental sites: Migneint peat 776 
(MPT); Migneint podzol (MPZ); Peak District peat (PPT) and Peak District podzol (PPZ), and the ranges of 777 
values used for Acid Waters Monitoring Network sites (AWMN) and for UK peat bog (UK peat) are shown. 778 

Input Description MPT MPZ PPT PPZ AWMN UK peat 

kAlox aluminium equilibrium constant 0.059 a 0.295 a 0.531 a 0.567 a 0.16 – 54.5 a 0.295 b 

kinpdC  Proportion of C turnover entering 
potentially-dissolved pool 

0.347 a 0.493 a 0.825 a 0.472 a 0.534 c 0.586 b 

Psites Dissociable protons per mol DOC, eq(-) 
mol-1 

0.080 a 0.076 a 0.191 a 0.118 a 0.116 c 0.136 b 

PBby Proportion of leachate from topsoil 
that does not interact with subsoil 

1 0 1 0 0.07 – 0.60 d 1 

WNa weathering rate for Na, meq m-3 yr -1 89 a 20 a 604 a 0.2 a 1.8 – 182 e 1.8 e 

WCa topsoil weathering rate for Ca meq m-3 
yr-1 

264 a 786 a 271 a 202 a 127 – 383 f 268 b 

WCaSub subsoil weathering rate for Ca meq m-2 
yr-1 

- - - - 0 – 297 a - 

Torg thickness of organic soil horizon, m 0.1 g 0.1 g 0.1 g 0.1 g 0.02 – 0.35 h 0.5 

Tmin thickness of mineral soil horizon, m 0 g 0 g 0 g 0 g 0 – 0.29 h 0 

PPTN annual precipitation, m 2.20 i 2.20 i 1.20 i 1.20 i 852 – 3820 h 548-3792 i 

Wd precipitation surplus or drainage flux, 
m yr -1 

1.99 j 1.99 j 0.95 j 0.95 j 0.40 – 3.47 h 0.12-3.62 j 

BD soil field bulk density, kg dry mass L-1 0.08 e 0.34 e 0.16 e 0.23 e 0.19 – 1.22 h 0.16-0.22 e 

theta average annual volumetric water 
content, m3 m-3 

0.91 e 0.66 e 0.86 e 0.71 e 0.78 c 0.88 e 

Pnit nitrate proportion of (nitrate + 
ammonium) 

0.22 e 0.73 e 0.16 e 0.66 e 0.07 – 0.93 h 0.19 e 

MAT mean annual temperature, oC 8.1 e 8.1 e 7.8 e 7.8 e 3.3 – 10.0 h 7.2 k 

Planttype 1=Broadleaf, 
2=Conifer,3=Herbs,4=Shrub 

4 4 4 4 2 – 4 h 4 

CEC cation exchange capacity, meq kg-1 621 j 83 j 621 j 83 j 154 – 997 h 621 e 

fSret proportion of S deposition retained 0.49 a 0 a 0 a 0 a 0 0.69 e 

KAlBc selectivity constant for Al-Bc exchange 8.7 j 6.3 j 8.7 j 6.3 j 7.5 c 8.7 e 

a fitted; b mean of values fitted for experimental peat sites; c mean of values fitted for all 779 
experimental sites; d mean weighted by areas of soil types in catchments, Rachel Helliwell pers. 780 
com.; e UK NFC values, based on soil and vegetation type (Evans et al., 2004); f (Aherne et al., 2007); g 781 
(Evans et al., 2010a); h (Monteith and Shilland, 2007); i Standard-period Average Annual Rainfall 782 
1961-1990 (SAAR6190) provided by UK Met Office; j (Hall et al., 2003); k mean of AWMN sites. 783 
 784 
  785 
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 786 
 787 

Figure captions 788 
 789 

Figure 1. Model of Acidity Dynamics and Organic Carbon (MADOC): structure in terms of component models 790 
(N14C, VSD and DyDOC) and quantities passed among these. DOC = Dissolved Organic Carbon.  791 

Figure 2. Trajectories of deposition rates of: a) total reactive nitrogen, g N m
-2

 yr
-1

; b) total sulphate, meq(-) 792 
m

-2
 yr

-1
; c) total chloride, meq(-) m

-2
 yr

-1
; and d) total base cations (Ca, Mg, K and Na), meq(+) m

-2
 yr

-1
, on 793 

control (Con), acidified (Acid) and alkalised (Alk) treatments, on peat and podzol (Pod) on the Migneint (Mig) 794 
and Peak District (Peak) experimental sites. 795 

Figure 3. Observations (symbols) and predicted trajectories of change (lines) in pH and dissolved organic 796 
carbon (g C leached m

-2
 yr

-1
) following additions from 2008 of rainwater (“Control”; ANC -188 meq m

-2
 yr

-1
 in 797 

2010), alkalising solution (ANC +258 meq m
-2

 yr
-1

 in 2010), and acidifying solution (ANC -396 meq m
-2

 yr
-1

 in 798 
2010) to two soil types on each of two sites: a) Migneint peat; b) Migneint podzol; c) Peak District peat; d) 799 
District podzol. Details of the experiment are given in Evans et al. (2012b). 800 

Figure 4. Comparison of annual measurements 2008-1011 on two experimental sites with values predicted 801 
by MADOC for: a) pH; and b) dissolved organic carbon (g C leached m

-2
 yr

-1
), in control (triangles; “Con”), 802 

acidified (squares; “Acid”) and alkalised (circles; “Alk”) treatments, on each of two soil types: peat (filled 803 
shapes) and podzol (outline shapes; “Pod”). The model was fitted to data from the control treatments. 804 
Equivalence (1:1) plots are shown as dotted lines. 805 

Figure 5. Observed (dots) and predicted (lines) values for: a) pH and b) DOC at an example Acid Waters 806 
Monitoring Network site (Dargall Lane). 807 

Figure 6. Comparisons of mean measured values with mean MADOC predictions for the period 1988-2010, 808 
across all Acid Waters Monitoring Network sites: a) pH; b) dissolved organic carbon (DOC) flux, g C m

-2
 yr

-1
; 809 

and comparisons of observed with predicted rate of change for the period 1988-2010: c) pH, pH units yr
-1

; d) 810 
DOC flux, g C m

-2
 yr

-1
. Equivalence (1:1) lines are also shown. 811 

Figure 7. Sensitivity to different combinations of N and S deposition (during the period 2020-2100), of a 812 
range of modelled chemical variables: a) pH; b) dissolved organic carbon, g C m

-2
 yr

-1
; and c) net primary 813 

productivity, g C m
-2

 yr
-1

. Outputs shown here were simulated by the MADOC model for the Migneint Podzol 814 
site (control treatment), in 2021 (top row) and in 2100 (bottom row).  815 

Figure 8. Sensitivity to different combinations (during the period 2020-2100) of mean annual temperature 816 
and precipitation surplus, of a range of modelled chemical variables: a) pH; b) dissolved organic carbon 817 
(DOC); c) dissolved organic nitrogen; and d) net primary production. Outputs shown here were simulated by 818 
the MADOC model for the Migneint Podzol site (control treatment), in 2021 (top row) and in 2100 (bottom 819 
row). 820 

Figure 9. UK peat bogs: spatial distributions in 2007 of: a) S deposition; b) N deposition, and of predictions 821 
by the MADOC model of: c) pH; and d) dissolved organic carbon flux, g C m

-2
 yr

-1
. 822 

Figure 10. Alternative future trajectories of DOC flux following an increase in response to a rise in pH, 823 
assuming that turnover of the PDOC pool is rapid (solid line) medium (dashed line) or slow (dotted line), as a 824 
result of differences in the proportion of decomposition that becomes PDOC (kinpdC) and in the proportion of 825 
PDOC mineralised per year (kminpd). 826 
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Figure 2.  839 
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 848 
Figure 3.  849 
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Figure 7.  877 
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Figure 8.  885 
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