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Abstract. The aim of this study was to assess the impact ofmostly located in the Ore Mountains with watersheds char-
land-use on inputs of nitrogen, phosphorus, and DOC intoacterized by rural land use typical of this region.
the inflow of the Lehnridhle reservoir (drinking water sup- Monitoring programs to observe water quality are carried
ply). Land-use in the study area is dominated by forest, without by the State Reservoir Administration of Saxony (LTV).
smaller proportions of grassland and crops. Water qualityHowever, their observation points reflect river sections, and
was analyzed for the hydrological years 2010 and 2011 afs a consequence the analyzed concentrations mostly repre-
the outlets of three small catchments with homogenous landsent a mixed signal of all land-use types within the upstream
use (crops, grassland and forest) and at the outlet of the wariver basin (C. P. Reichelt, personal communication, 2009).
tershed. The highest nitrogen and phosphorus concentratiorEherefore, to identify and balance matter inputs related to
were observed in the streams draining the agricultural areasndividual land-use types another approach is needed.
and the lowest concentrations were found in the forest catch- Agricultural land used for the production of crops and
ment. The DOC concentration was highest at the outlet ofgrass are known as major source of nitrogen (N) and phos-
the watershed whereas the concentrations in the small homgshorus (P) loads in surface waters (Chow et al., 2011).
geneous catchments were lower. The information collectedHence, exports of N and P from these areas are potential
about the land-use dependent matter exports in these studyauses for the eutrophication of water bodies. In contrast to
areas will be used for climate change impact modeling withcropped land, the primary negative impact of forests on water
the Soil and Water Assessment Tool. quality is through the leaching of dissolved organic carbon
(DOC) (e.g. Borken et al., 2011). In the last few decades, in-
creasing DOC concentrations in rivers and lakes have been
reported for vast regions in Central and Northern Europe
(Hruska et al., 2009; Roulet and Moore, 2006). However, it is
1 Introduction unclear what factors have led to this increase in DOC concen-
tration, particularly with respect to the relative contribution
Water quality at the watershed scale is affected by variousf grasslands, forests and wetlands to the increase (Borken et
sources of biogeochemical fluxes, including pollution from al., 2011).
either point or diffuse sources. In watersheds with a high pro- The objective of this study was to quantify the water qual-
portion of urban areas, water quality is mainly influenced byity impacts of the main land-use types of crops, grassland,
point sources such as wastewater treatment plants or locaind forests in a watershed supplying a drinking water reser-
industry. Whereas pollution inputs from rural areas tends tovoir in the low mountain range of the Eastern Ore Mountains.
generate from diffuse sources, which will be affected by the
specific land-use type (e.g. Wohlrab et al., 1992). The munic-
ipal water supply for the German Federal State of Saxony is
largely supplied by 22 drinking water reservoirs, which are
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2 Study area

The area under investigation is the “Lehiainte watershed” e
(Fig. 1) which is located in the Eastern Ore Mountains (Sax-
ony, NE Germany, 501818.08' N, 13°36'24.54' E). It cov-

ers the uppermost part of the Wilde Weil3eritz river water-
shed with a size of 51kf as defined by the streamflow
gauging station Ammelsdorf (henceforth referred to as the
“Watershed Outlet”; WO). This gauge marks the river's in-

flow into the Lehnniihle reservoir which is an important Legend
drinking water supply for the Dresden metropolitan area. = R
The watershed has a typical low mountain range topography [

B Low : 99.783

(520-800 ma.s.l.) and silicate bedrock geology with base- o 125 25 s
poor cambisols and podzols as the major soil types. The
catchment area is characterized by a high proportion of forFig. 1. Lehnniihle watershed with the “Watershed Outlet” (WO)
est area{ 52 %, mostly Norway spruce) followed by grass- and the catchments “Crops” (CR), “Grassland” (GR), and “Forest”
land (~ 34 %) and cropland~ 9 %). The annual precipita- (FO). DEM values are in meters. Source: ATKIS-DGM25 (Ger-
tion is ~ 1080 mm (station Hermsdorf, 2005-2011, BfUL, many), S-JTSK (Czech Republic), LIUG §Ehsisches Landesamt
2011) and the mean annual temperature is°@.gstation ~ fir Umwelt und Geologie) (2009b).
Zinnwald-Georgenfeld, 1971-2010, DWD, 2011).

Within the watershed, three small catchments were se-
lected for each of the main land-use types; “Crops” (nearauthorities (LFULG) for the “Watershed Outlet” was avail-
Hermsdorf, with a size of 0.9 ha) (Prasser, 2011), “Grass-able for the period 1 November 2009 until 31 October 2011
land” (near Schnfeld, with a size of 17 ha) and “Forest” (LfULG, 2012). This data was used for plotting mean daily
(near Rehefeld, with a size of 21ha). Within each smalldischarge (cf. Figs. 3 and 4) and calculating matter fluxes
study catchment the land use is homogenous, with the interat the “Watershed Outlet”. Data gaps were filled on a daily
that they provide a representative sample of these land-ust#me step using a regression equation with discharge from
types in the watershed as a whole. The geology of the catchthe “Watershed Outlet”. Streamflow samples were taken on
ments is characterized by granite porphyry in “Crops”, quartza weekly basis from the “Watershed Outlet” and the three
porphyry in “Grassland”, and muscovite gneiss in “Forest”. study catchments, starting in July 2009. In addition to the
Within the “Crops” catchment the granite porphyry underly- weekly sampling, event-based water samples were collected
ing the gauging weir is intensely weathered and consists olising automatic 1sc®' 3700 Portable Samplers, which col-
unconsolidated material. Its permeability causes an unknowrect up to 24 individual water samples. Frequency of sam-
quantity of water to flow beneath the site’s gauging weir, re-pling was controlled by discharge as recorded by the flow
sulting in an underestimation of streamflow at this site. As ameters at each site, which allows the collection of samples at
result, the discharge and derived fluxes from this site must belifferent points in time during a storm event. Collected sam-
interpreted with care. ples were stored in a cooler box during transportation and

kept at £ C until analysis.

3 Methods 3.2 Water quality analytical methods

3.1 Streamflow recording and sampling The streamflow samples were analyzed for total phospho-
rus (TP), according to DIN EN ISO 6878 protocol (DIN,
Continuous streamflow was recorded at the “Watershed Out2004). Immediately after receiving the samples in the lab-
let” (Ammelsdorf gauging station) and at the outlets of the oratory, sulfuric acid was added to the unfiltered samples to
three catchments starting in November 2009. At the “Wa-prevent changes in TP concentrations. Then, the unfiltered
tershed Outlet” data was collected from an existing gaug-sample was digested with persulfate to convert TP to ortho-
ing station, while gauging weirs were installed at the studyphosphorus (Ortho-P) which was then measured photometri-
catchments. At the study catchments, the water level wagally as molybdenum blue complex (wavelength of 880 nm).
recorded with ISCO" 3220/4220 Submerged Probe Flow A volume of ~250mL of each sample was filtered
Meters, which measure water levels using a pressure sensdhrough a 45 um-membrane filter. The filtered samples were
Calculation of discharge at these sites was determined baseathalyzed for nitrate-nitrogen (N§EN), ammonium-nitrogen
on the relationship between water level and discharge foi(NH4-N), chloride (Ct") using theSegment Flow Analyzer
each gauging weir. In addition to these discharge measureSAN!US (Skalar Analytics). Ortho-phosphorus (Ortho-P) was
ments, verified discharge data from the local environmentabnalyzed photometrically from the filtered sample according
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to DIN EN ISO 6878 protocol (DIN, 2004). Dissolved or- Mean dally discharge
ganic carbon (DOC) was analyzed usindgdaraeus liquid g —

TOC (FOSS). The cations N&, K+, C&t, MgZ*, Al3t, - B - T
FE&*, Mn?t, Zr?*+ and the anions SP and Sid~ in the 5 3 5 5 5
water samples were analyzed as element concentrations b
means ofICP (Inductively Coupled Plasma) Spektroscop . @1 5 i |
Spectro(Ciros). 5 ' : — -

40

km

Is

3.3 Statistical methods

Basic statistical parameters, time-series, and boxplots were i | ‘ : . A

calculated using the R statistical package, version 2.14.1 - - : : : — : : , :
(R Development Core Team 2011) For the bOXpIOtS the CR 2010 CR 2011 GR 2010 GR 2011 FO 2010 FO 2011 WO 2010 WO 2011

whiskers cover 1.5 times the interquartile range. All valuesrig. 2 Box-Whisker plot for the mean daily discharge at the catch-
greater than 1.5 times the interquartile range were defined agents outlets (“Crops” — CR, “Grassland” — GR, and “Forest” —

outliers, and therefore removed. FO) and at the “Watershed Outlet” (WO) for hydrological years
. 2010 and 2011. Whiskers show the lowest value within 1.5 times
3.4 Calculation of matter fluxes Interquartile range (IQR) of the lower quartile and highest value

within 1.5 times IQR of the upper quartile. Peaks are not shown.
Matter fluxes representing export rates from the three catch-

ments and the whole watershed were computed based on the
Standard Method, as presented in LAWA (2003). The annuafThe discharge data for the “Crops” catchment may not pro-

flux (F) was calculated using Eq. (1): vide an accurate representation of the actual discharge rates
N because of the previously discussed under-estimation of sur-
_ 364X—864001 Z c(t;) x O(t) (1) face flow (cf. Sect3.1). The mean daily discharge rates are
1000x 1000 N presented in Figs. 3 and 4.

wherec(t;) is the measured concentration a@dt;) is the
daily discharge at a given point in time. Furthermore, the for-
mula contains conversion factors for days per year (364), seCyatter fluxes of nitrogen (NN + NH4-N), dissolved phos-
onds per day (86 400), and for the conversion of the mass unitnorys (Ortho-P), total phosphorus (TP) and dissolved or-

gram into ton. All fluxes were calculated for the Hydrological ganic carbon (DOC) for the HY 2010 and the HY 2011 are
Year (HY) which is defined as the period from 1 November shown in Table 1.

until 31 October. The fluxes were calculated for the HY 2010 Nitrogen outputs from the catchments vary according to
(1 November 2009 until 31 October 2010) and the HY 2011ihe |and-use type. In contrast to the other land-use types,

(1 November 2010 until 31 October 2011). the annual Nitrogen outputs from the “Grassland” catchment
varied significantly in HY 2010 and HY 2011. This differ-
ence can be attributed to the much higher discharge rate in
HY 2010 than in HY 2011. Considering that a part of this site
4.1 Streamflow is tile drained it is expected that heavy precipitation events
will lead to higher discharge than in a non-tile-drained site.
The mean daily discharge at the outlets of the catchments The mean annual Ortho-P flux was highest in the “Crops”
“Crops”, “Grassland”, “Forest”, and the entire watershed is and “Grassland” with 0.11 kg & a-* while in the “Forest”
shown in Fig. 2. The streamflow data contains many peaksthe flux was lowest with 0.01 kghaa~1. However, due to
up to a maximum of 422 L'st km~2 in the “Grassland” site  the uncertainty due to underground drainage in the “Crops”
due to a rapid and intense snowmelt which occurred in Janeatchment, the Ortho-P flux at this outlet is maybe underes-
uary 2011. Therefore, to allow a comparison of streamflowtimated.
between sites to be interpreted, the scale for the mean daily Total P fluxes show the same pattern between the different
discharge was limited to 50 I-$ km~2 and the peaks are not land-use types as for Ortho-P. The highest fluxes were cal-
included. culated for “Crops”, followed by “Grassland” and then “For-
Due to the higher amount of rainfall events during the sum-est”. For “Grassland” and “Forest” the flux levels were in line
mer season of HY 2010, the mean daily discharge in HYwith data from the official hydro-chemical monitoring pub-
2010 was higher than in HY 2011 for all study catchmentslished in the “Atlas of nutrient inputs to Saxon water bodies”
and the entire watershed. These storm events resulted in paf:fUG, 2009a) — grassland 0.16 kghala!; coniferous
ticularly high peak flow events in the “Grassland” site, be- forests: 0.04 kg hat a~1. For cropland the reported annual
cause this catchment is partially underlain with tile drains.flux is ~ 0.38 kgha®a~1. This is more than the calculated

4.2 Matter fluxes

4 Results and discussion
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Table 1. Catchment export fluxes of nitrogen (N@I + NHz4-N), 20
dissolved phosphorus (Ortho-P), total phosphorus (TP), and dis-CR
solved organic carbon (DOC). Fluxes calculated separately for |
the Hydrological Years (HY) 2010 and 2011 for the catchments ol
“Crops” (CR), “Grassland” (GR), “Forest” (FO), and the “Water- |
shed Outlet” (WO). Calculated numbers in kgHa?. —

7 308
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HY 2010 HY 2011

Concentration mg |
N
3
Mean Daily Discharge I's™' km™

NO3-N+NH4-N  CR 60.4 64.0 Fo vs L 100
GR 42.6 27.4 1 "B seossioboeamithir i e e o et
FO 5.4 4.0 81 Lo
WO 13.9 12.6 w1 I 200
Ortho-P CR 0.10 0.12 SRR [0
SOR 83? 88? (l)):.Nu\I/ 20’09 T 01‘.Ma‘w 20‘10 ' T 01I.Nu\ll 20‘10 ' T 01‘.Ma‘| 20‘1\ ) ' T "
WO 0:03 0:02 Fig. 3. Time-series of measured concentrations forgND and

DOC, and mean daily discharge at the catchments representing dif-

P CR 0.23 0.35 ferent land-use types “Crops” (CR), “Grassland” (GR), and “For-
GR 0.21 0.13 est” (FO) and at the “Watershed Outlet” (WO). Scales for con-
FO 0.05 0.03 centration and daily discharge vary with the catchments due to

WO 0.15 0.09 different magnitudes. Discharge data for WO was provided by
DOC CR 4.8 4.8 LfULG (2012).

GR 18.3 9.1

FO 9.7 5.7

WO 26.8 18.9

two year sampling period amounted to 8.6 mgLin the
streamflow of the “Crops” and 5.6 mgt in the stream-
flow of the “Grassland”. By contrast, the mean concen-
flux of the “Crops” catchment in the present study. This tration in the streamflow of the “Forest” was much lower
difference may be explained by the fact that the report ofand amounted to 0.8 mgt.. The observed seasonal varia-
LfUG (2009a) does not differentiate between conventionaltion in the concentration of N in the agricultural catchments
and conservation tillage and that the calculated P export ratgvas low. Higher concentrations were observed at the end
represents a mean for the whole of Saxony. Since there is nef the winter season and after harvesting. Evaluating these
fertilization with mineral P in the “Crops” catchment of this catchments based on the water quality classes (WQC) of
study, it is reasonable that the annual TP fluxes may be lower AWA (1998), the tributaries with agricultural land-use are
there compared to the mean for the whole state territory.  classified as WQC IlI, which indicates a critically high level
Comparing the DOC fluxes in the three different land-useof nitrate pollution (Schmalz et al., 2008). By contrast, the
types, the highest fluxes were observed for “Grassland”, fol-“Forest” catchment is classified as WQC |, which is defined
lowed by “Forest”, while the lowest fluxes occurred in the as “unpolluted” and represents the geological background
“Crops”. It is assumed that the tile draining in the “Grass- value. The results of this study match with the findings of
land” led to higher runoff and a faster input of DOC to the Chow et al. (2011), who explored water quality across catch-
stream. In general, DOC flux is strongly dependent on dis-ments with a gradient of agricultural intensity in Canada.
charge or water fluxes as Buckingham et al. (2008) have reThey found that catchments with high agricultural intensity
ported. Interestingly, the DOC flux measured at the “Water-showed the highest NN concentrations (4.39 mgil)
shed Outlet” was higher than that at any of the individual while primarily forested catchments (i.e. approx. 90 % for-
land-use study sites. This indicates that at the watershed theksst) produced nearly the same low N® concentrations as
are additional important sources/contributors for DOC whichfound in the “Forest” site in this study. Similar results were
are not accounted for by the land-use study sites consideredound by Jarvie et al. (2008) with respect to hydro-chemical
patterns and to land-use.
4.3 Nitrate The mean N@-N concentration at the “Watershed Outlet”
was ~ 1.8mgL~L. Hence, the water quality at this section
Nitrate (NG;-N) concentrations were also found to differ be- of the river can be classified as WQC I, which is defined as
tween the three different land-use types, as shown in Fig. 3.“moderately polluted” (LAWA, 1998; Schmalz et al., 2008).
As expected, the highest NEON concentrations were mea- Chow et al. (2011) reported a mean p® concentration of
sured in the outlets from catchments under agricultural usel.24 mg L~ at the outlet of a watershed with similar land-
(“Crops”, “Grassland”). The mean concentration over the use distribution as in the present study. Comparing the two
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0T ortho—p ; = al. (2010) and Raymond and Saiers (2010), who reported
L g et high DOC concentrations during storm events and Hinton et
: [ al. (1997) who identified that storm events were responsi-
o ble for a large portion of annual DOC exports from forested
catchments.

CR 15 T S

I 300
GR [ 200
- 100

o 4.5 Ortho-Phosphorus

Concentration pg I”'
@
5

FO

The Ortho-P concentrations measured in all study catch-
ments and the “Watershed Outlet” were relatively low, as

r 100

Mean Daily Discharge s~ km™2

r0

0l . = Laoo shown in Fig. 4, and are classified as WQC | (LAWA, 1998).
wo ’ [2 Therefore, the water quality at all observation points is clas-
e o e TP e T [ sified as “unpolluted” or “very lightly polluted” with respect
R s e e e L to Ortho-P.

01.Nov 2009 01.Mai 2010 01.Nov 2010 01.Mai 2011

Despite the low concentrations of Ortho-P, distinct dif-
Fig. 4. Time series of measured Ortho-P concentrations and disferences can be identified between the catchments and the
charge at the catchments representing the different land-use typesntire watershed. While in “Crops” and in “Grassland” the

“Crops” (CR), “Grassland” (GR), and "Forest” (FO) and atthe "Wa- 031 Ortho-P concentrations for the two years period were
tershed Outlet” (WO). Scales for concentration and daily d|scharge15 5ug -1 and 18.9 ug E1 the mean Ortho-P concentra-

vary with the catchments due to different magnitudes. Discharge.. I N 1
data for WO was provided by LTULG (2012). tions in “Forest” (1.5 pg £1) and the watershed (3.1 ugh)

were < 1/5 of the concentrations in the agricultural areas.
These results are in agreement with findings of Jarvie et
studies, it can be concluded that at the scale of larger rurafl- (2008) and Sharpley and Syers (1979). These studies

watersheds the NN concentration is compounded and di- found higher P loads in fertilized watersheds compared to
luted and thus forms an integrated signal reflecting the lang"on-fertilized watersheds, and diffuse sources from agricul-

use distribution within the catchment. tural sites were the main contributors of long-term P loads
in basins. Chow et al. (2011) investigated Ortho-P concen-
4.4 Dissolved Organic Carbon tration in catchments with varying agricultural activities, and

found values ranging from 19.5 ugtL (low agricultural in-

The time series of DOC concentrations are presented iriensity) to 56.4 ug £ (high agricultural intensity). The ob-
Fig. 3, which shows a clear difference between the studyserved Ortho-P concentrations in the present study are sig-
catchments and the overall watershed. Mean DOC connificantly lower than the values of Chow et al. (2011). That
centrations were highest in the outlet of the “Grassland”might be attributed to conservation tillage without plough-
(2.0mgL1), followed by “Forest” at 1.1mgt!, and ing, since the farming company shifted soil preparation from
“Crops” at 0.6 mg -1. Given the different accumulation of traditional tillage to conservation tillage in 1999. With this
litter which will occur between the different land-use types, change in management also the fertilization with mineral
the observed gradient in DOC concentration is plausible. Thghosphorus was stopped. In the “Grassland” site, liquid ma-
mean DOC concentration observed at the “Watershed Outlethure from dairy production was continuously applied and is
was significantly higher (2.9 mgtl) than in the individual ~ a considerable source for P. The Ortho-P values seen in this
catchments, and therefore the DOC concentration at the wasite are unexpected low. Bechmann et al. (2005) also reported
tershed scale cannot be explained by the types of land-uslewer Ortho-P concentrations in streams from agricultural
evaluated in the study catchments. The higher rates of DOGreas used for dairy production compared to areas with ce-
at the “Watershed Outlet” may be due to streamflow originat-real production, which also supports the findings of Chow et
ing from peatland/forested areas with organic-rich wet soilsal. (2011) that streams from areas with intensive crop pro-
located in the uppermost part of the catchment on the Gerduction show higher Ortho-P concentrations.
man/Czech border. This hypothesis is supported by the fact As Ortho-P is a rapidly available form of the macronutri-
that the soils within “Forest” are well-drained (terrestrial) ent P, a distinct seasonal variation in concentrations can be
soils. This hypothesis will be tested by additional samplingidentified in all catchments (Fig. 4). During the growing sea-
in forthcoming research. son, Ortho-P concentrations are lower than in the dormant

No seasonal variation in DOC concentration was observedgeason, and this pattern is particularly clear in the “Grass-
in any of the catchments, which instead appeared to be cornland” site. In contrast, there is no obvious seasonal varia-
trolled by discharge dynamics. High DOC concentrationstion at the “Watershed Outlet”, and the variation in Ortho-
correlated with high discharges (resulting from heavy rain-P concentration there may be attributable to heavier rainfall
fall events) at all observation points, with the exception events causing peak flow events in the stream. Again, this
of “Crops”. These results support the findingsftl_:jren et isin contrast to the concentrations in the catchments which
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were measured simultaneously. Hence, the higher Ortho-BfUL (Betriebsgesellschaftif Umwelt und Landwirtschaft): Pre-
inputs during heavy rainfall events may result from peatland cipiation data of the station Hermsdorf/Erzgebirge 2005-2011,
areas within the upper part of the watershed. Another expla- 2011.

nation may be Ortho-P mobilization from settlements underBorken, W., Ahrens, B., Schulz, C., and Zimmermann, L. Site-to-
high flow conditions. site variability and temporal trends of DOC concentrations and

fluxes in temperate forest soils, Glob. Change Biol., 17, 2428—
2442, 2011.
5 Conclusions Buckingham, S., Tipping, E., and Hamilton-Taylor, J.: Concentra-
tions and fluxes of dissolved organic carbon in UK topsoils, Sci.
The results of this study indicate that the export of N, P, and _ Total Environ., 407, 460-470, 2008.

DOC depends on the type of land-use. The highest exporEhoW. L., Xing, Z., Benoy, G., Rees, H. W., Meng, F., Jiang, .,
and Daigle, J. L.: Hydrology and water quality across gradients

rates of N and P occured under agricultural sites, and the , : o . .
lowest were from the “Forest” site. While the N exports are of agrlcgltural intensity in _the Little River watershed area, New
. . Brunswick, Canada, J. Soil Water Conserv., 66, 71-84, 2011.
generated from diffuse sources, the P export pattern varieg,\ (peytsches Institutifr Normung e.V.): DIN EN 1SO 6878,
depending on the scale considered. On the plot scale (catch- \yasserbeschaffenheit — Bestimmung von Phosphor — Pho-
ments “Crops” and “Grassland”) the exportis generated from  tometrisches Verfahren mittels Ammoniummolybdat, 2004.
diffuse sources; while point sources appear to control P exbwD (Deutscher Wetterdienst): Climate data of the station
ports at the watershed scale. Given the discrepancy between Zinnwald-Georgenfeld 1971-2010, 2011.
DOC concentrations at the catchment and watershed scalé&linton, M. J., Schiff, S. L., and English, M. C.: The significance of
DOC contributions to streamflow clearly originated from dif- ~ storms for the concentration and export of dissolved organic car-
fuse sources. One important task of future research in this bon from two Precambrian Shield catchments, Biogeochemistry,
watershed is the identification of these diffuse sources of high 36, 67-88,1997. _
DOC concentrations. Hru_ska, J., Kram, P McDowell, W. .H., and Oulehle, F: Increaseq
With regard to water quality at the watershed scale, im- d|§solved organic carbqn (DOC) in central Europe_an streams is
. L driven by reductions in ionic strength rather than climate change
provements will depend upon future land-use allocation and

. T : or decreasing acidity, Environ. Sci. Technol., 43, 4320-4326,
management strategies. Based on the findings of this study, 5gqg.

two strategies which may improve water quality are the adop-jarvie, H. P., Withers, P. J. A., Hodgkinson, R., Bates, A., Neal, M.,
tion of conservation tillage methods and afforestation within  and Wickham, H. D.: Influence of rural land use on streamwater
the watershed. Both would reduce the risk of soil erosion and nutrients and their ecological significance, J. Hydrol., 350, 166—
lowers the sediment and matter entry into the river. 186, 2008.
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