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Abstract In order to forecast the variation of nutrient load with climate
change, the long-term change in rainfall and its effect on river runoff in a
study catchment were investigated and related to change in nutrient discharge
to the ocean. In the study area there has been a decreasing rainfall trend for
40 years but the frequency of large rainfall events has remained constant. The
annual runoff decreased by 60 mm in the last 40 years, but large annual runoff
amounts were observed in years with large rainfall events. The nutrient
discharge also reflected the rainfall and runoff trends. DN load has increased
in the long term, while in drought years DP load has increased, reflecting the
dominant groundwater contribution with significantly higher DP concen-
trations in such conditions.
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INTRODUCTION

In estuaries, inland seas and coastal areas, the occurrence of eutrophication and anoxic
conditions represent critical environmental problems (Burt et al., 1993). To conserve
the coastal environment for the 21st century, it is important to estimate and manage the
variation in nutrient discharge from coastal catchments, especially due to the effects of
climate change. Both storm frequency and rainfall intensity have been increasing over
the last 20 years in temperate and humid regions (McCathy et al., 2001). However,
both the number and intensity of drought periods has also been increasing. Such
climate changes may influence nutrient, as well as water, discharge in watersheds. It is
likely that this effect would be larger in the Japanese river catchments than in many
other regions, because of the mountainous headwaters and relatively high river bed
gradients.

In addition, recent research has shown that not only rivers, but also groundwater
exerts a strong influence on nutrient discharge from land to the sea (e.g. Zektser &
Loaiciga, 1993; Slomp & Cappellen, 2004). Groundwater discharge is particularly
significant in Japanese catchments draining deltaic areas, because of high aquifer
permeability related to coarse grained sediment, and due to high gradients. To forecast
future nutrient discharge in such steep catchments, it is necessary to investigate how
nutrient discharge varies with both river flow and groundwater in the different climatic
conditions of storm and drought.
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The present study investigates the variation in nutrient discharge associated with
river flow and groundwater using long-term records of water quality and runoff, and
seeks, in particular, to evaluate the effect of frequent storms. This research focuses on
the nutrients of dissolved nitrogen (DN), dissolved phosphorous (DP) and dissolved
silicon (DSi).

STUDY AREA

The study area is the River Ashida catchment in the Hiroshima Prefecture of western
Japan (Fig. 1). The main river flows from the Chugoku Mountains into the Seto Inland
Sea and has a length of 86 km and a catchment area of 860 km?. Maximum altitude in
this catchment is about 700 m, and this summit is in a middle stream area. The
landscape is generally hilly in the upstream area, mountainous in the middle part of the
catchment, and a mixed hilly and flat terrain in the downstream area. The catchment is
mainly underlain by granite, and 10% of the area is covered by alluvial sediment with
a thickness of more than 10 m, which is located mainly on the flat lowland around the
river from the middle reaches downstream. There is a small delta at the river mouth,
where the alluvial sediment reaches a maximum thickness 40 m with an average value
of 20 m (Fig. 1). The average annual rainfall is about 1100 mm, which is two-thirds of
the average amount for the whole of Japan. Monthly rainfall is highest in the rainy
season during June and July.

Approx. 90% of the catchment is characterized by sloping ground and it is mainly
covered by forest, with agricultural and residential areas comprising approx. 10 and
2%, of the catchment, respectively. A population of 700 000 lives in the catchment and
is mainly concentrated in Fukuyama City (500 000). Sewage systems are in place for
approx. 70% of the urban area in Fukuyama City, but for less than 40% of the sub-
urban area. Levels of river contamination are among the most serious in western Japan,
and downstream BOD concentration is more than twice the environmental standard
value. Consequently, although the Seto Inland Sea is designated as a Japanese National
Park, eutrophication and the occurrence of red tides have been unsolved environmental
problems.

DATA

Daily river runoff and rainfall data at a downstream location have been collected for
more than 30 years by the Japan Land, Infrastructure and Transportation Ministry and
the Japan Meteorological Agency. Hourly runoff data are also available since 1988. In
addition, dissolved chemical parameters, including the nutrients DN, DP, and DSi,
have been monitored monthly in the River Ashida in the Seto Inland Sea region.

The level and quality of groundwater have been investigated by the Fukuyama City
Office for more than the last 10 years. However, in order to provide further information
on temporal and spatial variation in groundwater quantity and quality, water level was
recorded and samples were collected in the present study at 22 dug wells and four
boreholes in July 2006. pH, EC (electrical conductivity), and ORP(oxidation—reduction



110 Shin-ichi Onodera et al.

e (km)
3

Distano
2

Depth {mj

=[]l
ge

i)
£n

35

RN
BRI
BRI NI

G
BRIt
BN

N
BN
ENENE

B

40

Fig. 1 Location of study area and geological profile of the river delta.

potential) were also measured at the time of water sample collection. Data collected by
the Fukuyama City Office, suggested that variation in water levels between adjacent
wells was less than 1 m. Nitrate (NOj3") and chloride (CI) concentrations were analysed
in the laboratory by ion chromatography after filtering using a 0.20 um cellulose ester
filter. In addition, DN, DP and DSi were analysed by spectrophotometer. Dissolved
organic carbon (DOC) was analysed using a TOC analyser.

RESULTS AND DISCUSSION
Long-term change in rainfall properties and their effect on river runoff

Figure 2 shows the variation and trend in annual rainfall and frequency of large rainfall
events (>100 mm) over the last 46 years. Annual rainfall shows a decreasing trend
with a decrease of 40 mm per decade and suggests the progress of drought. However,
the frequency of large rainfall events is approximately constant in the study period so
that relative to the annual rainfall they appear to be becoming more important. For
example, five large events occurred in 2004, a number only exceeded in 1972, while
the annual rainfall of 1400 mm recorded in 2004 ranked only the seventh highest in the
study period.
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Fig. 2 Variation and its trend of annual rainfall and number of large rainfall events
(>100 mm) in the study period.
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Fig. 3 Relationships river runoff and annual rainfall amount and frequency of large
rainfall events in the period 1988-2003.

Figure 3 shows the relationship between both the annual rainfall and the frequency
of large rainfall events per year, and annual river runoff for a 15-year period since
1988. River runoff not only increases with increasing rainfall amount, but also with the
frequency of large rainfall events. Figure 3 suggests annual river runoff has decreased
by 60 mm over the last 40 years in response to a decrease in annual rainfall of approx.
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160 mm. However, the increase in runoff with one large rainfall event is estimated to
be 32 mm. Therefore, it is suggested that even if the annual rainfall decreases in the
long term, the river runoff would increase in the years with a high frequency of large
rainfall event. If these trends are projected to the future, alternating runoff conditions
of drought and flood can be anticipated.

Figure 4 shows variations in daily river runoff during 2002 and 2004. The annual
rainfall and the number of the large rainfall events were 733 mm and zero in 2002, and
1415 mm and five in 2004. The nature of runoff is strongly contrasted between these
years. In 2002, a flood event with peak runoff in excess of 2000 x 10* m® d” occurred
only once. In contrast, peak runoff of this magnitude occurred eight times in 2004, and
maximum daily runoff was 17 000 x 10* m® d”'. Although the annual rainfall in 2004
was twice that in 2002, the annual runoff in 2004 was ten times that in 2002, and
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Fig. 4 Variations in daily river runoff for: (a) 2002, and (b) 2004.
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was the largest recorded in the study period. However, most of the runoff in 2004
was a direct discharge component and was unavailable as water resources in the
catchment.

Nutrient discharge in the catchment

The nutrient discharge depends on runoff volume and nutrient concentration. The
annual river runoff has decreased by one third with a decreasing trend of annual
rainfall in the last 40 years, but the largest annual river runoff is observed once in 10
years with the occurrence of more than four large rainfall events. Consequently, recent
climate change has caused contrasting runoff conditions. Since nutrient discharge
generally increases with runoff, increasing contrasts between drought and flood years
can be expected to increase the variability of nutrient discharge,

Figure 5 shows the nutrient concentration in river water in 1970 and 2001. The
value is the average for four years. The DSi and DN concentrations showed the
contrasting variation in the long term. The DSi concentration has decreased over the
last 30 years, while DN concentrations have doubled since 1970. The DP concentration
has been almost constant. The detailed variation is described by Sawano et al. (2007).
It is suggested that the decrease in DSi has been caused by the trapping in the reservoir
constructed in 1990s, similar to that described for the Danube River (Hunborg et al.,
1997). However, the increase of DN is thought to reflect the increase of domestic
wastewater (Sawano et al., 2007). In general, it is likely that riverine discharge of
nutrients to the ocean will decrease in the long term with the exception of DN that is
projected to increase.
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Fig. 5 Nutrient concentration in river water in 1970 and 2001 (values represent a 4-
year average).

The groundwater discharge into the ocean under the delta is estimated from
Darcy’s law (Freeze & Cherry, 1979). The hydraulic gradient is assumed to be equal to
the topographic gradient, because the recharge area is taken to be the river and
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mountain foot of the upper stream adjacent to the delta, and the water table is near to
the ground surface. The sand layer and sand and gravel deposits (Fig. 1) represent the
permeable layer with a hydraulic conductivity of 0.05 to 0.1 cm s'. Accordingly, the
groundwater discharge was estimated to be 60 mm year ', which is about 5% of annual
rainfall.

The estimated amounts of nutrient discharge from groundwater and river into the
ocean are shown in Table 1. The ratio of groundwater to river discharge is about 15%.
The ratio of DN and DSi contributed from groundwater and river discharge is similar
to the ratio for discharge. However, the ratio for DP (>60%) indicates that groundwater
contribution is more significant.

Table 1 Nutrient loads delivered to the ocean through river discharge (RW), and the ratio of ground-
water to river transport (GW/RW).

Discharge TN Si TP

(10°m® year™) (t year™) (t year™) (t year™)
RW 3.39 645.51 5183.082 62.097
GW/RW 15.3% 19.5% 14.2% 67.7%
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Fig. 6 Relationships between the ratio of precipitation to discharge and annual rainfall
for river flow and groundwater in the period 1988-2003.

Scenarios for change in nutrient discharge

The river runoff showed a large fluctuation from 20 to 200 mm year™' (Fig. 3), but the
groundwater discharge appears to be almost stable, based on the assumption that
groundwater level is the same as river water level in the middle reaches. Figure 6
indicates that the ratios between river and groundwater discharge and annual rainfall
for the 15-year period since 1988 lie approximately in the range 10-15%. In the study
area, evapotranspiration is about 60%. The residual volume is about 30%, which
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corresponds to the municipal water use. Thus, the river runoff is 15% of annual rainfall
in a flood year, but only 3% in a drought year. In a flood year, the river runoft is six to
10 times greater than the groundwater discharge, but in a drought year, the river runoff
is lower than groundwater discharge.

The dissolved nitrogen load will increase as the number of large rainfall event
increases. Furthermore, the concentration in groundwater is almost same as that in the
river, so that the groundwater contribution is also significant. However, previous
research has indicated that the nitrate is reduced in coastal groundwater (Howard,
1985; Saito et al., 2005) or in groundwater discharge areas (Ishizuka & Onodera, 1998;
Hinkle et al., 2001). Figure 7 shows the relationship between DN and DP concen-
trations in groundwater and river water, including the potential effect of DN reduction
reported in previous research. The present study also suggests that DSi may follow a
decreasing trend in the long term, while DP would be increased with increasing
groundwater discharge. In flood years, DN load is expected to increase with runoff but
DP and DSi loads are expected to decrease, whereas in drought years, the DP is
expected to increase.
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Fig. 7 Relationship between dissolved nitrogen and phosphorous concentrations in
groundwater and river water. (The solid line with a gradient of 0.0625 is the Redfield
ratio of plankton and GW* represents concentrations affected by reduction in DN.)

CONCLUSIONS

In order to forecast how nutrient load discharge to the ocean may vary with climate
change, the long term change in rainfall and its effect on river runoff, the nature of
nutrient discharge and scenarios for change were determined for the study catchment.
A trend of decreasing total rainfall but no decline in the frequency of large rain events
was observed over the last 40 years. Consequently, the annual runoff decreased by
60 mm in this period, but the large annual runoff was observed in years with the
occurrence of large rainfall events. The nutrient discharge also reflected the rainfall
and runoff trends. DN load has increased in the long term, while in drought years DP
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load has increased, reflecting the dominant groundwater contribution with significantly
higher DP concentrations in such conditions.

Acknowledgements The authors gratefully acknowledge the help with laboratory
analysis from Ms M. Kobayashi and Ms Shibasaki and also express their thanks to
Prof. M. Fukuoka for his suggestions. This study was supported by a grant from
Ministry of Education and Science (no. 18201007).

REFERENCES

Burt, T. P., Heathwaite, A. L. & Trudgill, S. T. (1993) Nitrate; Processes, Patterns and Management. John Wiley & Sons,
Chichester, UK.

Freeze, R. A. & Cherry, J. A. (1979) Groundwater. John Wiley & Sons, Chichester, UK.

Hinkle, S. R., Duff, J. H., Triska, F. J., Laenen, A., Gates, E. B., Benkala, K. E., Wentz, D. A. & Silva, S. R. (2001)
Linking hyporheic flow and nitrogen cycling near the Willamette River. J. Hydrol. 244, 157-180.

Howard, K. W. F. (1985) Denitrification in a major limestone aquifer. J. Hydrol. 76, 265-280.

Humborg, C., Ittekkot, V., Cociasu, A. & Bodungen B. V. (1997) Effect of Danube River dam on Black Sea biogeo-
chemistry and ecosystem structure. Nature 386, 385-388.

Ishizuka, S. & Onodera, S. (1997) Determination of denitrification in shallow groundwater on a forested land in Joso
Upland, south western Ibaragi, Japan. Jap. J. Soil & Nutrient 68, 1-7 (Japanese with English abstract).

McCarthy, J. J., Canziani, O. F., Leary, N. A., Dokken, D. J. & White, K. S. (2001) Climate Change 2001: Impacts,
Adaptation, and Vulnerability. Cambridge University Press, Cambridge, UK.

Saito, M., Onodera, S., & Takei, T. (2005) Nitrate transport process in a small coastal alluvial fan catchment. Jap. J.
Limnol. 66, 1-10 (Japanese with English abstract).

Sawano, M., Onodera, S, & Saito, M. (2007) Long-term variation of nutrient salts in the Ashida River, Hiroshima
prefecture. Jap. J. Limnol. (submitted).

Slomp, C. P. & Cappellen, P. V. (2004) Nutrient inputs to the coastal ocean through submarine groundwater discharge:
controls and potential impact. J. Hydrol. 295, 64-86.

Zektser, 1. S. & Loaiciga, H. G. (1993) Groundwater fluxes in the global hydrologic cycle: past, present and future.
J. Hydrol. 144, 405-427.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.276 841.890]
>> setpagedevice


