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IMPACTS OF CLIMATE ON THE FLUX OF DISSOLVED ORGANIC CARBON FROM CATCHMENTS 
1. Introduction
Recent increases in dissolved organic carbon (DOC) concentrations in surface waters across both Europe and North America have focused attention on the factors controlling the export of DOC compounds from catchments. Waters containing high concentrations of DOC generally have a characteristic brown colour and are associated with the presence of highly organic soils. Catchments dominated by these soils typically export between 10 and 300 kg DOC ha-1 yr-1 (Billet et al., 2004; Laudon et al., 2004; Jonsson et al., 2006). A portion of this DOC is mineralised in streams and lakes to CO2, while the remainder is transported to the sea (Jonsson et al., 2006). Organic matter accumulates in soils when decomposition rates are restricted either by low temperatures or water-logged conditions. In Europe, organic soils are found mainly in colder, wetter regions in the west and north (Montanerella et al., 2006) (Figure 1). Peat soils are those with an organic content of greater than 25% (Montanerella et al., 2006). These highly organic soils represent a significant global carbon store (Gorham, 1991; Davidson and Janssens, 2006).
The regional nature of the recent increases in DOC concentrations suggests that large-scale drivers are involved. Both the production and transport of DOC are strongly influenced by climate and the observed increases have been linked, in part, to recent climate change. Suggested climatic drivers of the upward trends have included temperature (e.g. Freeman et al., 2001b; Evans et al., 2006), soil moisture impacts on decomposition processes (e.g. Worrall et al., 2006), solar radiation (e.g. Hudson et al., 2003), and variation in the timing and intensity of precipitation and snowmelt (e.g. Hongve et al., 2004; Erlandsson et al., 2008). These climatic impacts must also be viewed in the context of additional factors which influence DOC concentrations, in particular, recent decreases in anthropogenic acidification of surface waters associated with decreases in industrial emissions and subsequent sulphur deposition (Evans et al., 2006; de Wit et al., 2007; Monteith et al., 2007). Changes in pH can influence the solubility of DOC compounds (Krug and Fink, 1983; Clark et al., 2005) and increases in DOC concentrations have been linked to decreases in sulphur deposition in the UK (Evans et al., 2006), Norway (De Wit et al., 2007), and Sweden (Erlandsson et al., 2008). An analysis of data from over 500 sites in North America and northern Europe has also reported that, for the period between 1990 and 2004, DOC concentrations increased in proportion to the rates at which atmospherically deposited anthropogenic sulphur and sea salt declined (Monteith et al., 2007). However, given the recent stabilisation in the levels of sulphur deposition (Skjelkvåle et al., 2005), and the potential sensitivity of DOC export to projected climate change (Sobek et al., 2007), climatic factors are likely to play a greater role in future variability and trends. 
High DOC concentrations have implications for both water treatment and for the ecology of surface waters. DOC must be removed from drinking water because of health concerns related to the formation of trihalomethanes (THMs), carcinogenic compounds that are produced when water with a high DOC concentration is disinfected using chlorine (WHO, 2005). During the 1990s many water treatment plants in Nordic countries began to report an increased difficulty in treating highly coloured water (Löfgren et al., 2003; NORTEST, 2003). Of particular concern has been the continued investment required to deal with the problem and indications that the quality as well as the quantity of organic matter appears to be changing (NORTEST, 2003). Similar problems have been noted in the UK (Scott et al., 2001; Sharp et al., 2006). Changes in DOC concentration and water colour also have physical, chemical, and biological implications for lake ecosystems (Jones, 1998) while the export of DOC from catchments also represents a transfer of carbon from long-term terrestrial stores to more labile forms that can further contribute to atmospheric concentrations of CO2 and, therefore, potentially contribute to global warming. In this chapter the influence of climatic factors on short-term variability and long-term trends in the export of DOC from catchments is described using examples from CLIME sites and from other published studies. A related chapter (Chapter 13 of this volume) describes the model simulations that were used to quantify the future flux of DOC at CLIME sites given the climate change projections summarised in Chapter 2.
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Figure 1 Distribution of organic soils in Europe (from Montanerella et al., 2006). The annotations show the position of the CLIME sites used for the DOC studies described in Chapters 12 and 13 of this volume: 1 L. Leane, 2 L. Feeagh, 3 Poulaphuca Reservoir, 4 Moor House, 5 L. Mälaren, 6 L. Pääjärvi and L. Valkea-Kotinen, 7 L. Vörtsjärv. Map reproduced with kind permission of the European Commission Joint Research Centre (L. Montanterella).
2 The influence of climatic factors on DOC production and transport
2.1 Temperature
In general, the rate at which soil organic matter decomposes increases in response to a rise in temperature (Chapman and Thurlow, 1998; Davidson and Janssens, 2006). However, differences in the 
quality and availability of substrate, fluctuations in microbial populations and constraints on the access of microbial enzymes to substrate molecules contribute to a wide variability in reported temperature sensitivities (Kirschbaum, 1995; Chapman and Thurlow, 1998; Davidson and Janssens, 2006). Aerobic decomposition, which is restricted in some high organic soils to surface layers during periods of reduced soil moisture, is generally more responsive to temperature than anaerobic decomposition (e.g. Hogg et al., 1992; Weider and Yavitt, 1994; Davidson and Janssens, 2006 ). The relative response of decomposition rates can also be greater at lower than at higher temperature ranges (Kirschbaum, 1995; Chapman and Thurlow, 1998), while rates can also decline after a temperature optimum has been reached (e.g. Fenner et al., 2005). This temperature optimum has been noted to coincide with highest soil temperatures at different times of the year, suggesting some acclimation to ambient temperatures by the microbial population (Fenner et al., 2005). Similarly, acclimation to higher temperatures by soil microbes was suggested to account for observed reductions in decomposition rates during long-term studies in forested ecosystems, after initial increases in response to an experimental rise in temperature (Jarvis and Linder, 2000). However, recent results have indicated that the depletion of the more labile carbon stores in the soil was the cause of these reductions (Eliasson et al., 2005; Hartley et al., 2007).
The complex combination of factors influencing the rate of temperature response leads to a wide variation in reported temperature sensitivities, even in samples from similar locations (Kirschbaum, 1995; Chapman and Thurlow, 1998; Byrne et al., 2001; Davidson and Janssens, 2006). The rate at which soil organic matter decomposes is commonly assessed through measurement of the gaseous by-products of aerobic and anaerobic decomposition, which are CO2 and CH4 respectively. The impact of temperature on rates is often conveniently expressed as a Q10 value, the factor by which decomposition increases for a 10oC rise in temperature. Chapman and Thurlow (1998) reported Q10 values ranging from 2 to 19, with a mean value of 4.6 for decomposition in peat soils from sites across Scotland, in the UK. The wide variation in the response to temperature was attributed, in part, to variation in soil moisture content, leading to differences in the contribution of aerobic and anaerobic decomposition. Landuse changes, such as afforestation and drainage, can also change the balance between anaerobic and aerobic processes and affect the apparent temperature response (e.g. Byrne et al., 2001). Decomposition measured as CO2 flux from forested peat in the west of Ireland was 1.8 to 2.5 times greater than from virgin peat at the same location, with Q10 values of 3.0 and 2.6 for the two land uses respectively (Byrne et al., 2001) (Figure 2). This difference in rates was linked to the impact of drainage at the forested site. 
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Figure 2 The effect of an increase in incubation temperature on decomposition (CO2 flux as mg C m-2 h-1) measured in virgin and forested peat soils in western Ireland (after Byrne et al., 2001).

In contrast to the production of gaseous by-products, the concentration of DOC in soils and in streamwaters may not always show an immediate response to a rise in temperature (Clark et al., 2005; Fröberg et al., 2006). A 4-week lag in the temperature response of soil DOC concentration was observed in a ten-year study in the UK, implying lags in either the activity of soil biota, population size of soil biota or the kinetics of DOC release (Clark et al., 2005). Despite this lag, there was a strong seasonal coupling between temperature and DOC, with temperature accounting for 58% of the variation in soil solution DOC concentrations.
 2.2 Soil moisture levels 
Decomposition rates are also highly responsive to changes in soil moisture, particularly in soils that are generally waterlogged. During dry periods the water table falls, allowing oxygen into anoxic layers and leading to an increase in aerobic decomposition. The concentration of DOC compounds in soil pore water may actually decrease during the drought itself and in the immediate post-drought period (Jensen et al., 2003; Freeman et al., 2004; Clark et al., 2005). Drought-induced acidification, mediated through the oxidation of organic sulphur to sulphate, and related decreases in the solubility of DOC, are thought to contribute to these lower concentrations (Clark et al., 2005). When the soil is then re-wetted following a prolonged dry period, increases in DOC concentrations in soil pore-waters have been reported in many studies (e.g. Fenner et al., 2001; Chow et al., 2006). The impact of low soil moisture levels on the production of DOC compounds has also been shown to be correlated with the extent of the time period of the preceding drought (Mitchell and McDonald, 1992). Rates, however, generally decrease in highly organic peat soils when the peat dries to the point where it becomes hydrophobic (Mitchell and McDonald, 1992). 
Increases in surface water DOC concentrations have also been reported following drought (Naden and McDonald, 1989; Vogt and Muniz, 1997; Tipping et al., 1999; Fenner et al., 2001; Worrall et al, 2003). The positive effect of low moisture levels on stream water DOC concentrations can be prolonged, resulting in a step-like change which may persist for months or years (Naden and McDonald, 1989; Worrall and Burt, 2004; Worrall et al., 2004). These step changes may also be superimposed upon longer term decadal increases in DOC concentrations (Worrall et al., 2003). Typical post-drought periods of elevated DOC concentrations in the Moor House catchment, a CLIME site in the UK, were 3-5 years (Worrall et al., 2004).  Drought conditions may also impact cumulatively over several years (Naden and McDonald, 1989).
The exact nature of the positive effect of reduced soil moisture levels on decomposition rates is still not fully understood (Freeman et al., 2001b, Clark et al., 2005; Worrall et al., 2006). Freeman et al. (2001b) proposed an ‘enzymic latch mechanism’ to explain the effect. They showed that anoxic conditions in peat soils inhibit the enzyme phenol oxidase leading to an accumulation of phenolic compounds. These, in turn, inhibit the activity of the hydrolytic enzymes responsible for decomposition. The increase in oxygen in the surface peat layers results in a depletion of the stored  phenolic compounds and allows the activity of hydrolytic enzymes to ‘switch on’. Freeman et al. (2001b) suggested that, after a drought, the activity of the hydrolytic enzymes would continue until the concentration of phenolic compounds built up again and switched off enzyme activity. It has been proposed that this enzymic latch mechanism is the cause of step changes in DOC concentrations that have been reported following droughts in some catchments (Worrall et al., 2004). To date, reports of these prolonged upward shifts in DOC concentration have only come from peat catchments in the UK (Watts et al., 2001; Worrall et al., 2004). It is possible that the microbial community in drier climates reacts differently to decreased soil moisture (Jensen et al., 2003). A comparison of the effect of drought on DOC production from two heathland sites in Denmark and Wales, with annual precipitation of 750 mm and 1700 mm respectively, reported decreased microbial activity and CO2 emissions at the drier Danish site but increased activity at the wetter Welsh site (Jensen et al., 2003).  
In order to explore the occurrence of step changes in DOC concentrations following summer drought in both northern and western Europe, time series from CLIME sites in Ireland, Sweden, Finland and Estonia (Table 1) were examined (Jennings et al., in prep). Firstly, any step changes in DOC concentration were identified in the time series. The pattern of these step changes was then related to the occurrence of drought conditions at the selected sites.  At three of these sites (the R. Fyrisån inflow to Lake Mälaren in Sweden, the Õhne sub-catchment of Lake Võrtsjärv in Estonia and Poulaphuca Reservoir in Ireland) the DOC data consisted of measurements of either water colour or potassium permanganate consumption (CODMn), both proxies for carbon content. At the fourth catchment (the Mustajoki inflow to Lake Pääjärvi in Finland) the only data available was a shorter time series of total organic carbon (TOC) measurements. 
Table 1 The characteristics of the sites used to quantify long-term change in the concentration of DOC (locations shown in Figure 1). Air temperature and precipitation averages are for the period for which DOC data were available at each site.
	Site
	Time period


	Catchment area

km2
	Mean annual air temperature

oC
	Annual precipitation

mm
	Summer JJA precipitation

mm

	Fyrisån (Swed)
	1965 to 2002
	      2005
	5.9
	557
	177

	Õhne (Est)
	1980 to 2004
	        575
	5.6
	656
	244

	Poulaphuca (Ire)
	1977 to 2002
	        303
	9.5
	981
	211

	Mustajoki (Fin)
	1993 to 2004
	         77
	3.6
	534
	222


For each time series, a cumulative deviations plot was constructed (Buishand, 1982). In this test the cumulative deviations from the overall mean are calculated and rescaled using the overall standard deviation. Step changes in a cumulative plot of these values are indicated by a sharp change in direction and the statistical significance of the change point (i.e. the point with the maximum cumulative score) is assessed (Buishand, 1982). Since this test identifies only the largest step change in a time series, a further test for data sets in which multiple change points occur was applied (Lanzante, 1996). The standard precipitation index (SPI), a simple and effective tool for describing drought (Lloyd-Hughes and Saunders, 2002), was calculated for the months June, July and August as a measure of summer drought conditions using precipitation records from meteorological stations at, or close to, each site.  The SPI is based on the cumulative probability of a given rainfall event occurring at a station and allows assessment of the rarity of a drought during the period of record. All drought events were identified at each of the four sites. 

Significant step changes in DOC concentration were identified at both the Swedish and Irish sites. These were most notable at the Swedish site where upward shifts in concentration occurred in 1977 and in 1996 (Figure 3a and c). Five summer droughts were identified at this site and both of the significant step changes in DOC concentration were preceded by one or more of these dry summers (Figure 3c). The largest step change occurred in the autumn of 1976 and followed two sequential years with summer droughts. A second significant step change occurred in 1996, also following a summer drought. However, no change points were apparent after two other dry summers during the period of record. A significant step change was also identified at the Irish site, Poulaphuca Reservoir, in the autumn of 1984 and followed droughts in three out of the four preceding summers (Figures 3b and 3d). A second but less significant change point was apparent in 1996, following the extremely dry summer of 1995. These step changes were most notable in the reservoir in the summer months, when lower concentrations are usually recorded. 
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Figure 3 Time series (a and b) and cumulative deviation plot (c and d) of permanganate oxygen consumption (KMnO4  mg L-1) from the R. Fyrisån (Sweden) (1965-2002) and water colour (Pt Co mg L-1) from Poulaphuca Reservoir (Ireland). Significant step changes are indicated by arrows. Drought years as defined by the summer Standard Precipitation Index (SPI) (SPI value greater than -1) are indicated by the dashed lines.
These results from Sweden are the only examples of step changes from a northern catchment to date and confirm that increases in DOC concentration do follow some, but not all, summer droughts in northern catchments. It is notable that the largest step changes at both the Swedish and Irish sites occurred following a sequence of dry summers. No significant step changes were found in the DOC data from the Estonian or Finnish sites despite the occurrence of summer droughts in several years at both sites. There were, however, no sequential summer drought years at these sites during the period examined. The changes at the Swedish and Irish sites also coincided with drought response years identified in several UK catchments (Watts et al., 2001; Worrall et al., 2004), highlighting the potential for large-scale drought to result in regionally coherent changes in DOC concentrations and the need to take these drought responses into account when analysing long-term trends.

2.3 Precipitation
The store of DOC compounds in peaty soils is flushed from the soil by rainfall or snowmelt, with the highest concentrations often coinciding with high flow levels (Andersson et al., 1991; Arvola et al., 2004; Worrall et al., 2002; Laudon et al., 2004). A decrease in concentrations at high flow, indicating a washout of soil carbon can, however, occur with successive events (Vogt and Muniz, 1997; Worrall et al. 2002). Concentrations can also show variation arising from the activation of different flow pathways. Worrall et al. (2002), working in the UK, identified three DOC fractions which were associated with different flowpaths. The first fraction was low in DOC and was related to rainwater which had little contact with the soil. The second also had low concentrations but originated from old groundwater which had largely been exhausted of DOC. A third fraction represented ‘new water’ but had high DOC levels supplied by the surface peats which had been a site of oxidation between events and, therefore, had a high supply of available carbon. Vogt and Muniz (1997) also reported high TOC concentrations in soil water from the upper peat layers overlying mineral soils in Norway. In contrast, a baseflow component that was associated with seepage from the mineral soil layer had lower DOC concentrations. In catchments where snow cover is a factor, the main export of DOC may be restricted to the time during or after the spring flood following snowmelt (Heikkinen, 1994; Laudon et al., 2004). Laudon et al. (2004) noted that a large percentage of spring meltwaters in a forested catchment in Sweden reached streams via subsurface pathways rich in TOC, whilst those in wetlands flowed over ice and frozen peat and had lower concentrations. 
Investigations into the effect of climate at CLIME sites have also highlighted the role of increased discharge in the wash-out of DOC (Weyhenmeyer et al., 2004b; Nõges et al., 2007; Järvinen et al., in prep). A distinct increase in the loading of organic carbon into Lake Mälaren, Sweden, was noted in 2001 following exceptionally high rainfall in the autumn and winter of 2000 (Weyhenmeyer et al., 2004b). Water colour, measured as light absorption of filtered water, was up to 3.4 times higher in that autumn than had been observed since records began in 1965. Examination of a 28-year record from the main inflows to Lake Võrtsjärv, Estonia, also found that both water colour and CODMn were positively related to discharge throughout the year, with significant correlations in the months of March and June and from August to November (Nõges et al., 2007). In addition, water colour and CODMn in spring were positively related to the North Atlantic Oscillation (NAO) in the previous winter, reflecting the occurrence of increased precipitation in high NAO index years. A positive relationship between the winter NAO and the TOC load in Finnish rivers has also been reported (Arvola et al., 2004) while examination of a 36-year record of summer water colour from Lake Pääjärvi, Finland, has highlighted the role of precipitation in increased water colour in the lake (Järvinen et al., in prep.). 
To date, studies of the relationship between flow and DOC concentrations have mostly been based on data collected at monthly, weekly or, occasionally, daily time steps.  In contrast, catchment responses to increases in discharge can be rapid, with peak streamflow often occurring within hours of a high rainfall event. Low frequency monitoring does not capture the initial impact of high flow rates on DOC export. However, in-situ instruments which measure chromophoric dissolved organic matter (CDOM) fluorescence in stream water, a proxy for DOC concentration, were installed in catchments in both Ireland and Sweden, as part of the CLIME project. Measurements were logged every three minutes, averaged at hourly intervals and converted to standard quinine sulphate fluorescence units (QSU) (Figure 4). The use of these high frequency measurements allows a unique assessment of the relationship between flow rates and concentrations at a sub-daily time-step, including the impact of snowmelt and storm events. The Irish site is on the Glenamong River, which flows into Lough Feeagh close to the Atlantic coast of Ireland (see Figure 1). The area is characterised by high rainfall and snow is rare. Increases in fluorescence in the autumn of 2003 were associated with increases in flow, representing a flushing of CDOM stored in the soil matrix after the drier summer months (Figure 4a). In the following February (julian day 31), an apparent dilution of baseflow concentrations occurred during high flow, indicative of lower carbon stores in the active flow pathways in the catchment (Figure 4b). CDOM fluorescence decreased by over 20 QSU between two hourly measurements on the first day of this rainfall vent and then increased rapidly by a similar order of magnitude when baseflow was re-established. At the Swedish site, Hedströmmen, a river flowing into the western basin of Lake Mälaren (see Figure 1), winter precipitation falls mainly as snow and there is little washout of soil carbon stores during winter months, although high frequency monitoring has shown that episodic increases in winter streamflow do occur. Here, increases in CDOM fluorescence were recorded in the period after the spring snowmelt (Figure 4c) and during summer storms (Fig. 4d) (Moore et al., submitted). Peak river discharge after snowmelt occurred on March 21 (julian day 81), with CDOM concentrations increasing on the declining limb of the snowmelt hydrograph. Later in the same year (julian day 177 to 179), summer storms resulted in rapid increases in CDOM fluorescence. These increases were accompanied by high hour-to-hour variability in fluorescence. 
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Figure 4 Hourly CDOM fluorescence in quinine sulphate units (QSU) and river discharge (m3 sec-1) from the Glenamong (Ireland) and Hedströmmen (Sweden) catchments. Note: QSU scales differ for the two sites.
3 Additional factors influencing DOC production and transport

While climate has a strong influence on DOC production and transport, other factors also contribute to seasonal and long-term variability. Seasonal changes in stream and lake concentrations are due, in part, to biotic and abiotic in-stream processing of DOC compounds (Schindler et al., 1997; Hongve, 1999; Köhler et al., 2002) while DOC derived from industrial activity and from agricultural and domestic waste also contribute to surface water concentrations in some areas (e.g. Apsite and Klavins, 1998). Land management can also impact on DOC production, particularly though changes in drainage. Drainage has been most extensive in Finland where approximately half of the total peatland area has been ditched (Kortelainen, 1999a). Drainage, together with the high water requirements of trees, lowers the water table, increasing aerobic decomposition in surface layers (Kortelainen, 1999a; Holden et al., 2004). Studies on the impact of drainage on DOC concentrations have been, however, contradictory with some studies reporting increases in concentration while others report decreases or no change at all (Holden et al., 2004). Deforestation, in contrast, has been observed to lead to increases in DOC concentrations which may persist for several years (e.g. Neal and Hill, 1994; Cummins and Farrell, 2003). Variability in the concentration of DOC has also been related to changes in both natural and anthropogenic acidification in soils. Inverse relationships exist between both the pH and the ionic strength of soil porewaters and the release of DOC from soils (Thurman, 1985; Tipping and Hurley, 1988; Kalbitz et al., 2000). A decrease in soil pH following the oxidation of inorganic/organic sulphur stored in the peat was correlated with decreases in soil porewater DOC concentrations in a blanket peat catchment in the UK (Clark et al., 2005). However, while the soil was the main source of SO42- in very dry years, atmospheric deposition was the main source on other occasions. Anthropogenic acidification of soils and surface waters, associated with increases in sulphur emissions from industrial sources, increased during the 20th century and peaked in the 1970s. Rates have since reduced following the implementation of mitigation measures (Skjelkvåle et al., 2005). 
4 Long-term trends in DOC export
Increases in DOC and in proxies of DOC such as water colour have been reported from many catchments in Europe and North America (Freeman et al., 2001a; Skjelkvåle et al., 2001; Löfgren et al., 2003; Hongve et al., 2004; Evans et al., 2005; Worrall et al., 2005; Vuorenmaa et al., 2006). In the fifteen years up to 2004, DOC concentrations were shown to have increased significantly at 77% of 198 sites across the UK (Worrall et al., 2004), while concentrations doubled at all Acid Water Monitoring Network sites between 1988 and 2004 (Evans et al., 2005). Increases have also been widely reported from Swedish and Norwegian sites since the mid 1960s (Andersson, 1991; Löfgren et al., 2003; Hongve et al., 2004). Increases in water colour in Swedish lakes and rivers were initially noted for the period between 1965 and 1986 (Forsberg and Petersen, 1990; Anderssen, 1991). A large-scale survey of 344 lakes in Norway, Finland and Sweden found increases in lake TOC concentrations in SE Sweden and southern Norway, but not in Finland (Löfgren et al., 2003) while Arvola et al. (2004) noted significant downward trends in TOC concentrations in nine of 16 rivers in Finland. More recently, TOC concentrations have been reported to have increased at ten small forested sites in Finland between 1987 and 2003 (Vuorenmaa et al., 2006).  In North America, increases in DOC concentrations were observed in seven out of 48 lakes in the decade between 1992 and 2002 and in eight out of 17 lakes monitored from 1982 to 2002 in the Adirondack Region of New York (Driscoll et al., 2003). Increases in DOC were also noted in 17 out of 37 lakes in Quebec between 1985 and 1993 (Bouchard, 1997). In, contrast Schindler et al. (1997) reported a 15-25% decrease in DOC export to lakes in north-western Ontario between 1970 and 1990 which was attributed to decreased streamflow and to the effects of acidification. 
At sites with longer records, the greatest increases have occurred in more recent decades (e.g. Löfgren et al., 2003; Hongve et al., 2004). An overall increase in water colour was observed at a Norwegian site between 1976 and 2002, but this included a decline from 1989 to 1991, and a steep increase between 1998 and the end of 2000 (Hongve et al., 2004). After 2000, water colour again declined. In addition, differences were observed between trends in water colour and DOC concentrations, indicating possible change in the quality of organic carbon over time. Declines were noted at three Swedish sites from the 1940s to the 1970s, with subsequent increases to 2002 (Löfgren et al., 2003). More recently, analysis of data from twenty-eight Swedish rivers showed several periodic reversals in trend that were often synchronous across the region (Erlandsson et al., 2008). In all cases, the declines in concentration, centred around 1970, 1988 and 2004, coincided with periods of decreasing flow. 
At the CLIME sites, increases in DOC concentrations have been reported for catchments in Sweden, Finland and the UK. A significant increase was found in absorbance data from three of the four sub-catchments of Lake Mälaren, Sweden, for the period 1965 to 2000 (Wallin and Weyhenmeyer, 2002; Tilja, 2003). While this increase was partially related to discharge, it could not be explained by variation in discharge alone (Tilja, 2003). A significant increasing trend has also been identified in the outflow stream from Lake Valkea-Kotinen, the secondary site used by CLIME in Finland (Vuorenmaa et al., 2006). In the UK it has been estimated that DOC concentrations increased by 0.1mg C L-1 yr-1 between 1971 and 2002 at the Broken Scar Water Treatment Works, downstream from the Moor House catchment in the UK (Worrall and Burt, 2004). Long-term trends in the data from the four CLIME sites listed in Table 1, were assessed using the seasonal Kendall test (Hirsch et al., 1982). Significant upward trends were indicated at both the Irish and Swedish sites (Table 2). No significant trends were detected at the Estonian and Finnish sites. An increase of 0.017 mg C L-1 year-1 was found at the Irish site, Poulaphuca Reservoir, for the period 1978-2001. The trend at the Swedish site for the period 1965 to 2002 was 0.17 mg KMnO4 L-1 year-1, representing an increase of 0.043 mg C L-1 year-1.  However, it is notable that if the period from 1972 to 2002 was used for the assessment a higher rate of change was indicated of 0.35 mg KMnO4 L-1 year-1, equivalent to 0.086 mg C L-1. This time period ran from before the step change in 1976 described earlier to after the step change in 1996.  Low concentrations prior to the 1976 step change and higher concentrations in the latter part of the record after the 1996 step change may have contributed to an apparent increase in the long-term trend at this site and illustrate that caution should be exercised when investigating trends in the presence of step changes. 
Table 2 Trends in DOC at four CLIME sites assessed using the seasonal Kendall test. 
The trend is expressed in mg C L-1 year-1. NS = not significant
	Site
	Period
	Trend
	Slope
as mg C L-1 year-1
	p

	Fyrisån (Sweden)
	1965-2002
	positive
	0.043
	0.002

	Õhne (Estonia)
	1980-2004
	NS
	
	

	Poulaphuca (Ireland)
	1978-2001
	positive
	0.017
	0.005

	Mustajoki (Finland)
	1993-2004
	NS
	
	


5 What are the drivers of the observed increases in DOC concentrations? 
There has been considerable debate regarding the main drivers of the recent increases in DOC concentrations, including the role of climate in these trends (e.g. Freeman et al., 2001b; Tranvik and Jansson, 2002; Freeman et al., 2004; Evans et al., 2005; Evans et al., 2006; Roulet and Moore, 2006; de Wit et al., 2007; Monteith et al., 2007). Freeman et al. (2001b) suggested that the increases could be due to the effect of temperature and soil moisture levels on the ‘enzymic latch’ mechanism described in section 2.2. In reply, Tranvik and Jansson (2002) pointed out that the substantial increase in DOC concentrations in Swedish lakes and streams during the 1970s and 1980s had occurred despite a reduction in temperatures but was frequently linked to higher precipitation. Freeman et al. (2004) subsequently reported an increase in DOC export from peats, fens and riparian soils under experimental elevated CO2 concentrations and suggested that the recent increase in atmospheric carbon dioxide levels was responsible for the observed higher DOC concentrations. However, as pointed out by Evans et al. (2005) atmospheric CO2 increases have only been around 10% of the experimental increase used by Freeman et al. (2004), therefore only 1–6% of the actual increases in DOC concentrations could be explained by this mechanism.

Several authors have suggested recently that at least some of the upward trend may be due to decreases in anthropogenic acidification rates (Evans et al., 2006; de Wit et al., 2007; Monteith et al., 2007). A potential link between increased acidification and decreases in the solubility of DOC in soils was first suggested in the 1980s (Krug and Fink, 1983) and reductions in water colour in Norwegian streams in the period up to the 1960s were attributed to increased anthropogenic sulphur loading (Gjessing, 1970). Despite this, several large-scale catchment acidification experiments reported no obvious change in surface water DOC concentration with decreases in soil pH (e.g. Wright et al., 1993; Hessen et al., 1997). Analysis of more recent trends in DOC has again focused attention on possible links between changes in the rates of acid deposition and changes in the concentration of DOC in soils and surface waters. Recovery from acidification was among potential drivers reviewed by Evans et al. (2005), together with temperature, hydrological changes, drought-rewetting cycles, land-use change, in-lake and in-stream removal and nitrogen enrichment. The study concluded that deposition-related and climate-related factors both appeared to be significant and stated that, while it seems probable that recovery from acidification has contributed to DOC trends in those regions where sulphur deposition has decreased, comparable trends at unimpacted sites could only be explained by climatic factors. Evans et al. (2005) also noted that apparent step change increases following the dry summer of 1995 at a number of sites lent some support to the hypothesis that drought effects are involved. However, a further investigation concluded that declining sulphur deposition and changing sea-salt loading could account for the majority of the observed DOC trend in the UK (Evans et al., 2006).  Reduced acid deposition has also been linked to increased DOC concentrations in lakes in Norway (de Wit et al., 2007). Similarly, a recent large-scale study by Monteith et al. (2007) implied that most of the DOC increases reported in Europe and North America since 1990 can be attributed to decreases in anthropogenic acidification.
The role of both climatic factors and sulphate deposition has recently been investigated in an analysis of water colour trends in 79 reference lakes in Sweden between 1984 and 2004 (Wehenmeyer, in press).  When these results were compared on a geographical basis (Figure 5), there was a systematic north-south difference in the rate of change with a distinct discontinuity in the rates of change at latitudes above 60°N. This change point corresponds to the limes norrlandicus, the boundary between the more oceanic and more continental climatic regions of Sweden. The rate of change in colour was 3.5 times higher at southern latitudes than at more northern latitudes. North-south differences were also found for sulphate concentrations, which showed rates of change that were 2.7 times higher at lower latitudes. In contrast, the rate of change in sulphate wet deposition was only 1.5 times higher at lower latitudes, suggesting that factors other than deposition are contributing to the observed north-south difference in DOC to an almost equal extent. A similar north-south gradient and change-point have observed for the timing of lake-ice break-up in Sweden, which shows significantly higher rates of change at lower than at higher latitudes (Weyhenmeyer et al., 2004a). The break-up of lake ice typically occurs when air temperatures exceed 0oC.  The increase in temperatures above freezing point will also impact on catchment processes such as weathering rates, soil moisture levels and water flow characteristics. It is possible that these changes in soil processes and flow in turn affect DOC flux from the catchment. The relative importance of climate as a driver for changes in DOC concentrations in Swedish surface waters has also been highlighted by Erlandsson et al. (2008) and has implications for future management of water resources in the region, given that the impacts of climate change are projected to be more pronounced at higher latitudes. 
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Figure 5 Rate of change in water colour (estimated as light absorption at 420 nm of 0.45 µm filtered water in a 5-cm cuvette) in Swedish lakes along a N-S air temperature gradient. A distinct change was identified corresponding to the limes norrlandicus, the boundary between the more oceanic and more continental climatic regions of Sweden. Map reproduced with the kind permission of the National Atlas of Sweden.

6 Ecological implications of high DOC concentrations in surface waters
Increases in the flux of DOC from catchments can impact on the ecology of downstream waters. Dark water absorbs more of the incident solar radiation, leading to an increased extinction of light and a shift towards the red part of the spectrum in many humic lakes (Eloranta, 1978; Jones and Arvola, 1984) (see Chapter 6 this volume). DOC compounds thus compete with phytoplankton for available light and can restrict photosynthetic production (Jones, 1992).  The absorption of in-coming light by DOC compounds can also result in steeper thermal gradients, shallower thermoclines and increased stability, particularly in small, sheltered lakes. Primary production in these lakes is typically limited to the uppermost zone of the water column because of this steep stratification and may be little affected by any change in colour (Jones, 1992; Arvola et al., 1999). Many highly coloured lakes also exhibit net heterotrophy (Salonen et al., 1983) due to the central role of allochthonous DOC in fuelling the upper trophic levels via the bacterioplankton-protozoan link (e.g. Tranvik, 1992; Kankaala et al., 1996). However, in small and sheltered humic lakes the hypolimnion can also easily become anoxic during stratified periods as DOC is decomposed (Salonen et al., 1984). 
High DOC concentrations can also impact on nutrient availability. In the boreal region, highly coloured lakes may stratify in the spring immediately after ice-melt, preventing the supply of hypolimnetic nutrients to the epilimnion (Salonen et al., 1984). Metal binding properties of humic substances and the interaction of humus-iron complexes with phosphate can further reduce the concentration of dissolved nutrients (Francko and Heath, 1983), but also act as nutrient reservoirs during periods of low availability (Francko and Heath, 1983; Jones, 1998; Vähätalo et al., 2003). Dissolved humic substances with high concentrations of organic acids contribute to the naturally low pH observed in humic waters (Kortelainen and Mannio, 1990; Lydersen 1998). In contrast, they also markedly contribute to buffering capacity, which can mitigate the effects of acidification (Johannessen, 1980, Kortelainen, 1999b). Organisms living in humic waters can better withstand the low pH, because humic substances reduce the toxic effects of Al and other metals (Hörnström et al., 1984). Allochthonous DOC also has a central role in fuelling the upper trophic levels via the bacterioplankton-protozoan link in humic waters (e.g. Tranvik, 1992; Tulonen et al. 1992; Kankaala et al., 1996) explaining the net heterotrophy of brown-water lakes (Salonen et al., 1983, Jansson et al. 2000) In-stream processes, such as microbial decomposition and photo-degradation, modify DOC quality and affect bioavailability in the recipient water body (Köhler et al., 2002) while bioavailability also depends on the age and source of the transported DOC (Raymond and Bauer, 2001). 

7 Conclusion
Much of western and northern Europe is covered by soils with a high organic matter content. These soils represent a significant global store of carbon and the rate at which DOC is exported from these catchments has major implications for biogeochemical and biological processes in catchment soils, downstream waters, the treatment of potable water, and the global carbon cycle. While DOC production and transport can be influenced both directly and indirectly by factors, such as land use and acid deposition, climate plays a significant role in both short-term and long-term variability. The results presented in this chapter demonstrate that the impact of these climatic factors on DOC production and transport is complex and includes the combined effects of both temperature and precipitation on the decomposition, solubility and hydrological transport of these compounds. Although decomposition rates are responsive to changes in temperature, there is huge variability in reported temperature sensitivities. In addition, while increases in DOC concentrations have been shown to occur after summer droughts in northern as well as western catchments, this response is not apparent in all catchments nor does it occur after all drought years. The high resolution monitoring from Swedish and Irish catchments illustrate the variability on both seasonal and sub-daily timescales in DOC export and the complex interaction between the build-up of soil carbon stores, flushing rates, and the activation of hydrological pathways. 
These climatic drivers also interact with anthropogenically mediated influences on DOC export and recent studies have highlighted the potential role of changes in sulphur deposition in observed upward trends. Given the potential complexity of the interaction between landscape, climatic and anthropogenic impacts, however, Roulet and Brown (2006) state that caution should be exercised in attributing the increases in DOC concentrations to any single factor. While changes in acid deposition may have played a role in the trends observed, the recent stabilisation in the levels of sulphur deposition (Skjelkvåle et al., 2005) would indicate that this factor will be of lesser importance in the coming decades.  In contrast, as illustrated in this chapter, climatic factors play a major role in short-term variability and long-term trends in the export of DOC from catchments. The potential sensitivity of DOC export to climate change has been highlighted in a recent study of DOC concentrations in over 7500 lakes in six continents (Sobek et al., 2007). Given the projected changes in climate of Europe as described in Chapter 2 of this volume, the importance of climatic factors as drivers of future variability and trends can only increase. In addition, the export of DOC represents a major transfer of organic carbon from terrestrial stores to more active dissolved forms, and ultimately to the atmosphere as CO2 (Gorham, 1991; Kirschbaum, 1995; Evans et al., 2005).  A positive feedback mechanism between decomposition in organic soils and climate change has been suggested, with changes in climate driving increases in the export of DOC which in turn would increase atmospheric CO2 concentrations and contribute to further global warming (Knorr et al., 2005; Davidson and Janssens, 2006).
Projected changes in the climate of Europe include increases in temperature in all regions, with implications for the rate at which soil organic carbon stores are decomposed. Significant decreases in summer rainfall are also projected for western catchments, further increasing the possibility of drought and subsequent impacts on the balance between the relative rates of anaerobic and aerobic decomposition, microbial enzyme activity and the solubility of DOC compounds in the soil. In addition, higher winter rainfall and projected changes in the timing and magnitude of soil freezing and snowmelt in northern catchment have the potential to lead to major changes in the seasonal pattern of DOC export in that region. The possible impact of these changes on DOC export at CLIME sites is explored in Chapter 13 of this volume in which climate-induced responses in DOC production and transport are modelled under the range of climate scenarios described in Chapter 2. 
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