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Supplementary Material: Anderson et al. (Biogeochemistry) Unified concepts for understanding and modelling turnover of dissolved organic matter from freshwaters to the ocean: The UniDOM model

Supplementary Appendix 1. Sampling and laboratory analysis
River sampling 
River sampling was by discrete grab. The relatively large river catchments were sampled close to their tidal limits, such that their DOM pools may include autochthonous and wastewater derived component, and reflect the impact of prior processing upstream. For comparison, these data were accompanied by estimates for two headwaters catchments within the Conwy River system with contrasting soil and land use cover, but no urban land-cover (i.e. close to soil source). All samples were immediately filtered (0.45 µm cellulose acetate) into acid-washed amber glass vials that were pre-rinsed with Milli-Q® water, and sample filtrate.
Laboratory analysis 
DOC concentration was measured by Pt-catalysed combustion. Absorbance was measured in a 10 mm quartz cuvette on a UV-vis spectrometer (Varian Cary 50) at 1 nm intervals from 800 to 200 nm. Absorbance results were blank corrected using Milli-Q water. Both analyses were conducted within 4 days of sampling. All samples were allowed to reach laboratory temperature prior to measurements. Mass-specific absorbance at 254 nm (SUVA254) was calculated by dividing the decadic absorption coefficient at 254 nm (m-1) by the DOC concentration (mg L-1) giving units of litre per milligram carbon per meter (L mg C-1 m-1).


Supplementary Appendix 2: Calculation of T1: T2 partitioning using SUVA254
Given the conceptual division of terrigenous DOM into two fractions with distinct UV absorbance characteristics, a simple approach employing end-members based on mass- specific absorbance at 254nm (SUVA254) was derived to quantify T1 and T2 fractions. The strict division of DOM via optical parameters cannot be precise but, rather, relies on the derivation of average characteristics for each that are sufficiently distinct to allow their partition. 
The rationale and derivation of a 2-component end-member approach is as follows. A monotonic relation has been observed, for diverse samples of freshwater DOM, between the ratio of absorbance at two UV wavelengths (the lower λ ≥250nm and the upper c. 80nm greater; i.e., 350 nm: 270 nm) and specific absorbance at the upper wavelength employed. The nature of this relation is consistent with a two-component description of DOM based on optical absorbance characteristics (Thacker et al. 2008; Tipping et al. 2009; Carter et al. 2012). This monotonic relation underpins the derivation of specific absorbance end-members for two DOM components by these authors, which notably yield accurate predictions of DOC concentration for independent, globally diverse samples in which terrigenous DOM predominates (DOC = 0.5 – 80 ppm; SUVA254 = 2 – 7 L mg C-1 m-1). The SUVA254 end-member values derived by Carter et al. (2012) for these two components were 7.71 and 2.13 L mg C-1 m-1; their disparity thus matches the chromophoric characterisation of T1 and T2 DOM fractions herein, respectively. 
Carter et al. (2012) noted that non-chromophoric DOM may also be present in samples, and modelled this component at constant concentration. For samples comprised predominantly of terrestrial DOM, however, the inclusion of this additional DOM component, effectively as an intercept term, did not demonstrably improve the model. Indeed, Adams et al. (2018) showed that under-prediction by the Carter et al. (2012) model was largely restricted to eutrophic waters in which less-coloured, autochthonous DOM (component A of UniDOM) comprised a greater fraction of the total. 
For reference, SUVA254 for autochthonous DOM has been reported in the range 0.8–1.5 L mg C-1 m-1 for axenic phytoplankton cultures in a wide range of marine algal taxa including diatoms, cyanobacteria and green algae (Nguyen et al. 2005). Similarly, low SUVA254 values were reported by Henderson et al. (2008) for DOM produced by four different classes of freshwater phytoplankton, but showing differences between stationary (0.54±0.04 L mg C-1 m-1) and exponential growth phases (1.55±0.22 L mg C-1 m-1). Adams et al. (2018) also reported low values of 0.57±1.7 L mg C-1 m-1 for DOM produced by freshwater phytoplankton in mesocosms, as did Leloup et al. (2013) for non-axenic cultures, of 0.8–1.4 L mg C-1 m-1. These values for autochthonous DOM are exclusively below the T2 type SUVA254 end-member derived by Carter et al. (2012) of 2.13 L mg C-1 m-1. 
SUVA254 values reported for wastewater effluents are also relatively low but partially overlap the lower T2 type SUVA254 end-member derived by Carter et al. (2012). The average range reported for six independent studies by Michael-Kortadou et al. (2015) was 1.8±0.4–2.5±0.4 L mg C-1 m-1, and as noted previously, we suggest that a pragmatic approach is to assign this DOM as T2.
Additional empirically-derived chemical and functional lines of evidence lend further support to T1 and T2 SUVA254 end member values of c. 8 and 2 L mg C-1 m-1, respectively. A number of studies have shown that hydrophobic organic acid (HPOA) components of DOM (typically achieved by resin fractionation approaches; e.g. XAD 8) from diverse global environments exhibit a significant and consistent positive linear correlation with SUVA (Suppl. Figure S1). Notably, the HPOA fractions as a function of SUVA254 for DOM produced by phytoplankton are lower than expected based on results for samples where terrigenous DOM predominates.
[image: ]
Figure S1. Relationship between hydrophobic organic acid fraction and SUVA254 for globally diverse DOM samples. 
[bookmark: _GoBack]The SUVA254 of raw environmental samples rarely exceeds c. 7 L mg C-1 m-1 and, accordingly, HPOA fractions, as far as we know, have only been determined for SUVA254 in the range 0.5–6.0 L mg C-1 m-1. Notwithstanding, extension of these relations to a 100% HPOA fraction indicates an associated SUVA254 value of c. 8 L mg C-1 m-1, which closely matches the end member value derived by Carter et al. (2012) (Suppl. Figure S1). HPOA fractions are not comprised of aromatic compounds in entirety and, indeed, the well-cited relationship between SUVA254 and aromaticity demonstrated by Weishaar et al. (2003) predicts 65% aromaticity if extended to a SUVA254 value of 8 L mg C-1 m-1. The lower T2 SUVA254 end member value for terrigenous DOM derived by Carter et al. (2012) is more difficult to verify beyond empirical measurements for environmental samples. It is not expected to be entirely comprised of aliphatic compounds, and indeed the Weishaar et al. (2003) relation predicts 15% aromaticity. As noted previously, T2 is less susceptible to immobilisation and adsorption during vertical percolation through soil profiles, and is thus expected to make the greatest and predominant contribution to DOM exports from mineral soils under base flow conditions. Although not presented, monthly time series data covering a number of years for several mineral soil headwater catchments in the Conwy river basin, and with no urban land cover, exhibited SUVA254 minima of 1.8 L mg C-1 m-1. This value is also close to that derived by Carter et al. (2012), and use of this value in their model would also yield relatively accurate predictions of DOC concentration. For completeness, an analogous set of data for peatland headwaters in the Conwy river basin exhibited SUVA254 maxima of 7.4 L mg C-1 m-1, however values >8 L mg C-1 m-1 have been reported for soil extracts of DOM (e.g. Fowler et al. 2018). 
Berggren et al. (2009) show that during the course of DOM incubation bioassays, declines in rates of bacterial production (BP) coincided with a linear increase of SUVA254. These observations reflect increasing aromaticity and biological recalcitrance of DOM as more labile, lower SUVA254 DOM components were biodegraded, consistent with more rapid biodegradation of T2 type DOM. This relation (where the maximum SUVA254 was 7.2 L mg C-1 m-1) indicates that BP would cease at SUVA254 = 8.3 L-1 mg C m-1. That this value somewhat exceeds the proposed SUVA254 end-members based on HPOA fractions and the Carter et al. (2012) model lends support to their precision, for T1 DOM is not considered entirely biologically unreactive (as per the conceptual description of UniDOM). Koehler et al. (2012) also describe lower initial rate constants of biodegradation for DOM as a function of increasing SUVA254. 
Observations of the positive impacts of biodegradation on SUVA254, are often accompanied by reports of negative impacts of UV irradiation on SUVA254, consistent with preferential microbial removal of low molecular weight, low chromophoric aliphatic T2 type DOM, and greater UV degradation of higher weight, more chromophoric T1 type DOM (e.g. Olefeldt et al. 2013; Hansen et al. 2016 and references therein). 
A number of other techniques for characterising DOM sources may also be considered including mass/size exclusion techniques such as ultrafiltration and high-pressure size exclusion chromatography (e.g. Brinkmann et al., 2003, Brown et al., 2004), excitation-emission matrix fluorescence spectroscopy (e.g. McKnight et al., 2001; Tye and Lapworth 2016), bulk fluorescence index (McKnight et al., 2001), humification index (e.g., Ohno, 2002), nuclear magnetic resonance techniques (NMR; e.g.. Lam and Simpson 2008) and high field mass spectrometry (HF-MS; e.g., Seitzinger et al., 2005). These methods tend, however, to require significantly more analytical time and effort, as well as being subject to greater methodological bias in terms of sample isolation and pre-concentration as compared to SUVA254.
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Supplementary Appendix 3. Model code and input files
The model code has as its basis the EMPOWER model testbed in R (Anderson et al., 2015). See this reference (Anderson et al., 2015) for a description of the structure of the code and for instructions how to implement it, the input and output files, etc.
3.1 The code (in R) 

### UniDOM model, Tom Anderson et al., 2019         
# The base code (structure) for this model is described in Anderson et al. (2015): 
# Geosci. Model Dev. 8, 2231-2262
#
# The model uses cohorts to follow T2 that is freshly-produced by photooxidation
# during the simulation.
# Array max for cohorts is set to 1003, meaning the model can be run for a maximum
# of 1000 days (change dimension of nSvar and X arrays to increase this; run time 
# will increase accordingly)
#
# Line width in the code has been limited to 82 characters so that the code can be
# listed in Supplementary material of the publication

rm(list=ls()) #clear workspace
                                  
### get_flux is where the differential equations are set up

FNget_flux <- function(X) {

zdepth <<- zt[icountsteps]       # depth at beginning of time step (from 
                                            # which d/dt is calculated)
zdepth2 <<- zt[icountsteps+1]    # depth at end of time step (from which 
                                 # state variable concentrations are calculated)

# unpack state variables: T1, A. T2 (but not chohort T2)
# X[] arrasy is mmol C m-2; unpacted to mmol C m-3
# Storing X[] as m-2 avoids problems with model physics when there are sharp
               # changes in depth when moving from one model phase to the next
T1 <- X[1]/zdepth; A <- X[2]/zdepth; T2 <- X[3]/zdepth   
  
PP <- PP0*(1/kPAR-exp(-kPAR*zdepth)/kPAR)  # primary production, mmol C m-2 d-1

# phase identifier (1=river, 2=lake, 3=estuary, 4=ocean; 
                    # useful as a metric in output files)
  iphase <<- (iday<=phase1)*1+
+ (iday>phase1&&iday<=phase2)*2+(iday>phase2&&iday<=phase3)*3+(iday>phase3)*4

# Flocculation rate depends on phase of LOAC (floc; d-1 mmol C-1)
  if (iday<=phase2) {                         # freshwater                
  floc <- floc_F                              
} else if (iday<=phase3) {                    # estuary
  floc <- floc_E
} else {                                      # ocean
  floc <- floc_O
}

# Calculate photooxidation and microbial turnover as a function of DOC age
if (tme>L_0) {
  j_pox <- (tme-L_0+1)^(-alpha)
  j_mic <- (tme-L_0+1)^(-alpha)
} else {
  j_pox <- 1.0                      # truncated settings on log-log plot
  j_mic <- 1.0
}

# Flocculation         
flocculation <- floc*T1*T1 

# Photooxidation
k_UV <- SUVA_350*(T1+zi*A)+k_UVw                 # attenuation coeff. for UV, m-1
photoox <- (1/k_UV-exp(-k_UV*zdepth)/k_UV)/zdepth*phi_ref    # photoox., d-1
photooxT1 <- photoox*T1*j_pox                    # photo-ox T1, mmol C m-3 d-1
photooxA <- photoox*zi*A                         # photo-ox A, mmol C m-3 d-1
  
# Microbial turnover
microbT1 <- eta_T1*T1*j_mic     # microbial turnover: T1, mmol C m-3 d-1
microbT2 <- eta_T2*T2*j_mic     # microbial turnover: T2
microbA <- eta_A*A              # microbial turnover: A

# Fraction of photo-oxidised T1 that becomes T2  
T2fromT1 <- betaox*photooxT1

# Production of A, mmol C m-3 d-1
prodA <- PP/zdepth*sigma_A    

# A is not diluted and so, when depth increases, A (mmol C m-2) must increase 
                                                            # in proportion
A_add <- (zdepth2-zdepth)*A

### The flux[] array contains the terms in the differential equations and is 
#         passed to the main code for the numerical integration    
             
# T1 (fluxes multiplies by zdepth to convert to mmol C m-2 d-1)
flux[1,1] <- -photooxT1*zdepth            # photooxidation
flux[2,1] <- -flocculation*zdepth         # flocculation
flux[3,1] <- -microbT1*zdepth             # microbial loss
                        
# A
flux[1,2] <- prodA*zdepth                 # production
flux[2,2] <- -photooxA*zdepth             # photooxidation
flux[3,2] <- -microbA*zdepth              # microbial loss
flux[4,2] <- A_add                   # addition with incrasing z {already m-2) 
  
# T2
if (flag_cohort!=1) { 
  flux[1,3] <- T2fromT1*zdepth      # photooxidation of T1 (model without cohorts)
  flux[2,3] <- -microbT2*zdepth     # microbial loss   
}     
  
# Cohort model: cohorts of T2, dated by iT2
if (flag_cohort==1) {
  for (iT2 in seq(3,iday+2)) {             # first cohort is in unit 3 of X array
  if (tme>iT2-3+L_0) {
    j_mic <- (tme-(iT2-3)-L_0+1)^(-alpha) # Age is (IT2-3)
  } else {
    j_mic <- 1.0
  }     
  flux[1,iT2] <- 0.                         # flux to T2 from T1 handled below
  flux[2,iT2] <- -eta_T2*X[iT2]*j_mic       # microbial loss for cohort X[iT2]
  }
flux[1,iday+2] <- T2fromT1*zdepth   # T2 froom T1 (one cohort only: number iday+2)
}
       
# Store auxiliary variables (if increased to n, alter "NDvar <- n" in code below)
# These are user defined and written to file outaux.txt
Y[1] <<- tme     
Y[2] <<- iphase
Y[3] <<- photooxT1*zdepth
Y[4] <<- flocculation*zdepth
Y[5] <<- microbT1*zdepth
Y[6] <<- microbA*zdepth
Y[7] <<- photooxA*zdepth
Y[8] <<- 0.
Y[9] <<- 0.
Y[10] <<- 0.
Y[11] <<- 0.
Y[12] <<- 0.
              
return(flux)      # matrix flux is passed back to the core code
}

# --------------------------------------------- #
#         Core model code starts here           #
# --------------------------------------------- #

### Read in parameters from file
theta <- read.csv("UniDOM_parms.txt", quote="'")
  phi_ref      <<- theta[1,1]     # photo-ox. at ref irradiance, d-1
  betaox       <<- theta[2,1]     # frac. photo-ox T1 to T2
  SUVA_350     <<- theta[3,1]     # UV absorbance by DOC, m2 (mmol C)-1
  k_UVw        <<- theta[4,1]     # UV attenuation by water, m-1
  zi           <<- theta[5,1]     # CDOM fraction of authochthonous DOC
  sigma_A      <<- theta[6,1]     # fraction primary production to A
  eta_T1       <<- theta[7,1]     # microbial turnover T1 at 0 degrees C, d-1
  eta_T2       <<- theta[8,1]     # microbial turnover T2 at 0 degrees C, d-1
  eta_A        <<- theta[9,1]     # microbial turnover A at 0 degrees C, d-1
  floc_F       <<- theta[10,1]    # flocculation T1 freshwater, d-1 (mmol C)-1
  floc_E       <<- theta[11,1]    # flocculation T1 estuary, d-1 (mmol C)-1
  floc_O       <<- theta[12,1]    # flocculation T1 ocean, d-1 (mmol C) -1
  alpha        <<- theta[13,1]    # defines rate of decrease of lability
  L_0          <<- theta[14,1]    # truncate for A in decay rates
  PP0          <<- theta[15,1]    # primary production at surface, mmol C m-3 d-1
  kPAR         <<- theta[16,1]    # attenuation coeff. for PAR, m-1
   
### Read in initial consitions and simulation characteristics 
init <- read.csv("UniDOM_extra.txt", quote="'")
  T1init       <<- init[1,1]     # initial T1, mmol C m-3
  T2init       <<- init[2,1]     # initial T2, mmol C m-3
  Ainit        <<- init[3,1]     # initial A, mmol C m-3
  R_F1         <<- init[4,1]     # residence time river, days (integer)
  R_F2         <<- init[5,1]     # resdience time lake, days (integer)
  R_E          <<- init[6,1]     # residence time estuary, days (integer)
  R_O          <<- init[7,1]     # residence time ocean, days (integer)
  z_F1         <<- init[8,1]     # depth river, m
  z_F2         <<- init[9,1]     # depth lake, m
  z_E          <<- init[10,1]    # depth estuary, m
  z_O          <<- init[11,1]    # maximum depth ocean, m
  delta_t      <<- init[12,1]    # time step, day
  flag_cohort  <<- init[13,1]    # cohorts for T2: 1=yes, 0=no
  flag_outtype <<- init[14,1]    # output choice: 0=no, 1=yes
  flag_outfreq <<- init[15,1]    # output freq.: 1=every day, 0=every time step
  flag_integ   <<- init[16,1]    # integration method: 0=Euler, 1=Runge Kutta 4

# Model operates on basis of m-2 for X[] array to store state variables,
                         # so multiply state vars by initial depth    
T1init <- T1init*z_F1
T2init <- T2init*z_F1
Ainit <- Ainit*z_F1

# Set up phases    
phase1 <- R_F1            # duration: river
phase2 <- phase1+R_F2     # duration: river + lake (total freshwater)
phase3 <- phase2+R_E      # duration: freshwater + estuary
phase4 <- phase3+R_O      # duration: freshwater + estuary + ocean
ndays <- R_F1+R_F2+R_E+R_O      # total duration
                                                     
print("**************************************************")
print("                                                  ")
print("input: model parameters read in from file UDOM_parms.txt")
print("input: model run characteristics read in from file UDOM_extra.txt")
print("                                                  ")

# Specify number of state variables, auxiliary variables and fluxes

nSvar <- 1003     # no. state variables: NOTE cohort model set up for 
                # a maximum 1000 days (1 cohort per day)
nSvarx <- 3       # no. of state variables excluding cohorts: T1, A, T2total
nfluxmax <- 4  # max no. of flux terms associated with any one state variable
nDvar <- 12     # no. auxilliary variables (as defined in the Y array: FNget_flux)

X <- array(dim=c(1003), rep(0.0, times=1003))    # Holds the state variables
Xv <- array(dim=c(6), rep(0.0, times=6))         # This array holds T1, A, 
                            # T2total (mmol C m-2) and T1, A, T2total (mmol C m-3)

X[1] <- T1init        # Initial T1, mmol C m-2
X[2] <- Ainit         # Initial A, mmol C m-2
X[3] <- T2init        # Initial T2, mmol C m-2 (first cohort for iday=1)

Y <- c(0,0,0,0,0,0,0,0,0,0,0,0)     # array Y holds values of auxiliary variables

### Set depth array
nsteps <- floor(ndays/delta_t+delta_t/1000)     # no. of time steps in simulation
nstepsday <- floor(1/delta_t+delta_t/1000)      # no. of time steps per day
zt <- array(dim=nsteps+1, rep(0.0, times=nsteps+1)) 

icount <- 1
zt[1] <- z_F1                # t=0
for (it in seq(1,R_F1)) {    # river
for (itstep in seq(1,nstepsday)) {
  icount <- icount +1
  zt[icount] <- z_F1
}
}
if (R_F2>0) {               # lake
for (it in seq(1,R_F2)) {    
for (itstep in seq(1,nstepsday)) {
  icount <- icount+1
  zt[icount] <- z_F2    # deepens to from river to lake depth on first time step
}
}
}
for (it in seq(1,R_E)) {    # estuary
for (itstep in seq(1,nstepsday)) {
  icount <- icount +1
  zt[icount] <- z_E
}
}
icountE <- icount
for (it in seq(1,R_O)) {    # ocean
for (itstep in seq(1,nstepsday)) {
  icount <- icount +1
  zt[icount] <- (icount-icountE)/R_O*delta_t*(z_O-z_E)+z_E
}
}
                       
################################################################################## 
# ------------------------------------------------------------------------------ #
# Core code for integration of differential eqns and generation of output files  #
# ------------------------------------------------------------------------------ # 
##################################################################################                   

Y <<- rep(0.0, times=nDvar)          # array Y holds values of auxiliary variables

# no. of times required for output to files and graphs
nwrite <- flag_outfreq*(ndays+1)+(1-flag_outfreq)*(nsteps+1)  
    
tm <- array(dim=c(nwrite), rep(0.0, times=nwrite)) # stores time for output
flux <- matrix(0,nrow=nfluxmax,ncol=nSvar)      # update terms for state variables
Svar <- matrix(nrow=nwrite, ncol=nSvarx)        # values of state variables
Dvar <- matrix(nrow=nwrite, ncol=nDvar)         # values of auxiliary variables

tme <- 0       # time=0: start of simultion
tm[1] <- tme

# Xv array stores T1, A, T2total for writing to output file statevars.txt
Xv[1] <- X[1]     # T1, mmol C m-2
Xv[2] <- X[2]     # A, mmol C m-2

T2sum <- 0.
for (iT2 in seq(3,1003)) { 
T2sum <- T2sum + X[iT2]
}
Xv[3] <- T2sum       # Total T2 (summed over cohorts, mmol C m-2

Xv[4] <- Xv[1]/z_F1    # T1, mmol C m-3
Xv[5] <- Xv[2]/z_F1    # A, mmol C m-3
Xv[6] <- Xv[3]/z_F1    # T2, mmol C m-3

# Svar array holds state variables for graph plotting
Svar[1,1] <- Xv[1]     # T1, mmol C m-2
Svar[1,2] <- Xv[2]     # A, mmol C m-2
Svar[1,3] <- Xv[3]     # T2 (total), mmol C m-2

# truncate X to 4 significant figures, ready for writing to output file 
Xvout <- signif(Xv,digits=4) 
# write inital values of state vars to file    
if (flag_outtype==1) {
write(c(tme,Xvout),file="out_svars.txt",ncolumns=nSvar+1,sep=",",append=FALSE) 
}
        
icount <- 1        # records position in array for writing output
icountsteps <- 0   # records position in time step array
  
# -------------------------- #
# Time loop starts here      #
# -------------------------- #

for (iday in seq(1,ndays)) {               # loop over days of year

for (istepnow in seq(1,nstepsday)) {       # loop over time steps within one day

icountsteps <- icountsteps + 1

fluxstep <- rep(0.0,times=nfluxmax*nSvar) # matrix to sum up fluxes over time step
Ystep <- rep(0.0,times=nDvar)             # matrix to store average value of Y for 
                                             # each time step

# -------------------------- #
# Numerical integration      #
# -------------------------- # 

flux1 <- FNget_flux(X)*delta_t        # 1st iteration
deltaX1 <- colSums(flux1)             # sum of flux terms, for each state variable

if (flag_integ==0) {                  # Euler
  fluxstep <- fluxstep + flux1
  Ystep <- Ystep + Y
} else {                              # Runge Kutta 4
  fluxstep <- fluxstep + flux1/6
  Ystep <- Ystep + Y/6
}

if (flag_integ==1) {                  # Runge Kutta only

  flux2 <- FNget_flux(X + deltaX1/2)*delta_t       # 2nd iteration
  deltaX2 <- colSums(flux2)
  fluxstep <- fluxstep + flux2/3
  Ystep <- Ystep + Y/3
  
  flux3 <- FNget_flux(X + deltaX2/2)*delta_t       # 3rd iteration
  deltaX3 <- colSums(flux3)
  fluxstep <- fluxstep + flux3/3
  Ystep <- Ystep + Y/3
  
  flux4 <- FNget_flux(X + deltaX3)*delta_t         # 4th iteration
  deltaX4 <- colSums(flux4)
  fluxstep <- fluxstep + flux4/6
  Ystep <- Ystep + Y/6
}

# sum iterations
if (flag_integ==0) {              # Euler
  deltaX <- deltaX1
} else {                 
  deltaX = (deltaX1 + 2*deltaX2 + 2*deltaX3 + deltaX4)/6    # Runge Kutta
}
    
X <- X + deltaX    # update state varialbes

tme <- tme + delta_t    # update time

Xv[1] <- X[1]           # Array Xv recalculated after update of state variables
Xv[2] <- X[2]

T2sum <- 0.
for (iT2 in seq(3,1003)) { 
T2sum <- T2sum + X[iT2]
}
Xv[3] <- T2sum

Xv[4] <- Xv[1]/zdepth2    # T1 m-3
Xv[5] <- Xv[2]/zdepth2    # A m-3
Xv[6] <- Xv[3]/zdepth2    # T2 m-3

# -------------------------- #
# Write to output files      #
# -------------------------- # 

# 1st time step awkward: state vars already output for t=0; output fluxes and 
    # auxiliary variables for t=0 as calculated for first time step
if (istepnow==1 & iday==1) {
  Dvar[icount,] <- Ystep
 if (flag_outtype==1) {                  
    Dvarwrite <- signif(Dvar[icount,],digits=4)   # truncated to 4 signif. figures
    fluxwrite <- signif(fluxstep,digits=4)        # truncated to 4 signif. figures
    tmenow <- 0.0     # actually, it is time 1 time step, but for the purposes
                          #  of continuity in output files, set to zero
write(c(tmenow,Dvarwrite),file="out_aux.txt",ncolumns=nDvar+1,sep=",",append=FALSE)
        for (iw in seq(1,nSvar)) {
    if (iw==1) {
      fluxwritecat <- fluxwrite[,1]
    } else {
      fluxwritecat <- c(fluxwritecat,fluxwrite[,iw])
    }
  }
  }
}

# all other time steps
# output on last time step of day (daily), or if every time step selected
if (istepnow==nstepsday | flag_outfreq==0) {    
  icount <- icount+1                            # records position in output arrays
  if (iday==phase1 & istepnow==nstepsday) {ifw <- icount} # no. time steps: FW
  if (iday==phase3 & istepnow==nstepsday) {ies <- icount} # no. time steps: estuary
  if (iday==phase4 & istepnow==nstepsday) {ioc <- icount} # no. time steps: ocean
  tm[icount] <- tme                             # time
  Svar[icount,1] <- Xv[1]                       # T1, mmol C m-2
  Svar[icount,2] <- Xv[2]                       # A, mmol C m-2
  Svar[icount,3] <- Xv[3]                       # T2 (total), mmol C m-2
  Dvar[icount,] <- Ystep                        # auxiliary variables
  if (flag_outtype==1) {
  Svarwrite <- signif(Xv,digits=4)               # truncated to 4 signif. figures
  Dvarwrite <- signif(Dvar[icount,],digits=4)    # truncated to 4 signif. figures    
  fluxwrite <- signif(fluxstep,digits=4)         # truncated to 4 signif. figures
  write(c(tme,Svarwrite),file="out_svars.txt",ncolumns=nSvar+1,sep=",",append=TRUE)
  write(c(tme,Dvarwrite),file="out_aux.txt",ncolumns=nDvar+1,sep=",",append=TRUE)
  for (iw in seq(1,nSvar)) {
    if (iw==1) {
      fluxwritecat <- fluxwrite[,1]
    } else {
      fluxwritecat <- c(fluxwritecat,fluxwrite[,iw])
    }
  }
  }
}

} # End loop: time steps over day
} # End loop: days   

print("*** Model simulation complete ***                 ")

if (flag_outtype==1) {
  print("output: state varibles written to file out_svars.txt")
  print("output: terms in differential equations written to file out_fluxes.txt")
  print("output: auxiliary variables written to file out_aux.txt")
} else {
  print("no output to text files (flag switched off)       ")  
}

#### Graphs

par(mfrow = c(1,1))    # layout for plots: 1 row, 2 columns 

# T1, T2, A
maxy <- max(max(Svar[,1]),max(Svar[,2]),max(Svar[,3]))*1.2  # derive scaling for y 
plot(c(0,ndays), c(0,maxy), xlab="days", ylab="mmol C m-2", type="n")
legend("topleft",legend=c("T1","T2","A"),lty=1,col=c("orange","blue","green"))
title(main="T1, T2, A", col.main="red", font.main=4)
lines(tm,Svar[,1],col="orange")
lines(tm,Svar[,3],col="blue")
lines(tm,Svar[,2],col="green")

### Table of results for end of each phase (initial, freshwater, estuary, ocean)
t0 <- 0.
cat(paste(" "),sep="\n")
print("days,  T1,  A,  T2(total)")
print(c(t0,T1init,T2init,Ainit))
print(c(tm[ifw],Svar[ifw,1],Svar[ifw,2],Svar[ifw,3]))
print(c(tm[ies],Svar[ies,1],Svar[ies,2],Svar[ies,3]))
print(c(tm[ioc],Svar[ioc,1],Svar[ioc,2],Svar[ioc,3]))


3.2 Input file 1. The text below needs to be inserted into a text (.txt) file, and saved with the file name UniDOM_parms.
value, parameter
0.13, 'phi_ref (0.13): photo-ox. at ref. irradiance, d-1'
0.24, 'beta (0.24): frac photo-ox T1 to T2'
0.039, 'SUVA_350 (0.039): UV absorbance by DOC, m2 (mmol C)-1'
0.12, 'kUVw (0.12): UV attenuation by water, m-1'
0.2, 'zi (0.2): CDOM fraction of autochthonous DOC'
0.4, 'sigma_A (0.4): fraction primary production to A'
0.013, 'eta_T1 (0.013): microbial turnover T1, d-1'
0.038, 'eta_T2 (0.038): microbial turnover T2, d-1'
0.012, 'eta_A (0.012): microbial turnover A at 0 degrees C, d-1'
0.000002, 'floc_F (0.000002): flocculation T1 freshwater, d-1 (mmol C)-1'
0.00002, 'floc_E (0.00002): flocculation T1 estuary, d-1 (mmol C)-1'
0.000002, 'floc_O (0.000002): flocculation T1 ocean, d-1 (mmol C)-1'
0.38, 'alpha (0.38): defines rate of decrease of lability'
1, 'L_0 (1): truncate for age: decay rates'
1.4, 'PP_0 (1.4): primary production at surface, mmol C m-3 d-1'
0.046, 'k_PAR (0.046): attenuation coeff. for PAR, m-1'

3.3 Input file 2. The text below needs to be inserted into a text (.txt) file, and saved with the file name UniDOM_extra.
value, parameter
209.0, 'T1init (209.0): initial T1, mmol C m-3' 
465.0, 'T2init (465.0): initial T2, mmol C m-3'
0.0, 'Ainit (0.0): initial A, mmol C m-3'
1, 'R_F1 (1): residence time, river, days (integer)'
0, 'R_F2 (0,109): residence time, lake, days (integer)'
3, 'R_E (3): residence time, estuary, days (integer)'
730, 'R_O (730): residence time, ocean, days (integer)'
1, 'z_F1 (1): depth river, m'
4, 'z_F2 (4): depth lake, m'
10, 'z_E (10): depth estuary, m'
100, 'z_O (100): max. depth ocean, m'
0.1, 'tstep (0.1): time step, day'
1, 'flag_cohort (1): 1=yes, 0=no'
0, 'flag_outtype (1): output to files: 0=no, 1=yes'
0, 'flag_outfreq (0): freq. for writing output: 1=every day, 0=every time step'
0, 'flag_integ   (1): choice of integration method: 0=Euler, 1=Runge Kutta 4'
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