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Abstract Phosphate interacts with inorganic sedi- 10ng/L: EPGgeq 80 Mg/L). Thus, sediment inBuence
ment particles through sorption reactions in streams. on stream water P concentrations can shift predict-
Collectively, this phosphorus (P) buffering mecha- ably from abiotic sorption in reaches with Pne
nism can be an important determinant of soluble particles to biotic retention in areas dominated by
reactive P (SRP) concentrations. If sorption reactions coarse sediments. Consequently, changes in sediment
control SRP concentrations in a stream, then differ- composition due to natural or anthropogenic distur-
ences in sediment characteristics may cause spatialbance have the potential to alter the type and strength
differences in SRP concentrations. This prediction of sediment-associated processes determining ambi-
was tested by examining sediment-buffering charac- ent stream P concentrations.
teristics and spatial variation in SRP among reaches
with distinct sediment composition (i.e., Pne versus Keywords Phosphorus retentionSediments
coarse particles) in two tributaries of Boulder Creek, Equilibrium phosphorus concentratiorePC
a headwater stream in central Wisconsin. SRP Extractable phosphorusStreams
concentrations were signibcantly lower and algal
available P and P sorption capacity were signibcantly
higher in the reach dominated by Pne sediments.
Although bne particles such as sand had the greatestntroduction
P sorption capacity, no retention could be attributed
to biotic processes, whereas over 50% of P retention Concerns over anthropogenic enrichment of aquatic
in coarse particles such as gravel could be linked to ecosystems have lead to a plethora of studies exam-
biotic uptake. Equilibrium P concentration (ERC  ining internal ecosystem processes regulating ambient
assays from different sediment fractions also indicate nitrogen (N) and phosphorus (P) concentrations.
that biotic uptake is relatively unimportant in sand Unlike N, which is strongly regulated by biotic
particles (EPGe 10 nu/L: EPGgieq 10 nu/L) but processes, dissolved R iaquatic ecosystems is
very important in gravel or larger particles (ERE inBuenced by both biotic and abiotic dynamics
(reviewed by Reddy et all999 Mainstone and Parr
2002. However, studies examining retention of P in

_ streams have tended to emphasize either the role of
'C\|3ér?tél;?grlgLi(?ﬁ\)OIo%yrbﬁit\?grg}t/y of Wisconsin, 680 N. abiotic ,process,es associgtgd with Pne S?dimenF in
Park St.. Madison, WI 53706, USA controlling ambient P, or biotic uptake associated with
e-mail: nrlottig@wisc.edu primary producers or decomposers. Consequently, it
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is not clear how these two processes interact to tude of sediment-associated P processes such as
determine water column P concentrations. uptake.

Biotic processes affecting stream water P include = We expected that as particle size increases, the
assimilation by both primary producers and decom- proportion of biotic P uptake will also increase
posers, as well as mineralization of organic P. Studies relative to abiotic processes. We also expected that as
highlighting biotic control have often relied on reach- particle size increases, the total magnitude of P
scale solute addition methods and demonstrate uptake associated with sediment would decrease due
positive relationships between dissolved P uptake to decreases in total particle surface area. The goal of
and coarse particulate organic matter (Mulholland this study was to test this hypothesis by: (1)
et al. 1989, bryophytes (Meyerl979, algae (Tate  characterizing sediment particle size composition in
et al. 1995, or large woody debris dams (Valett et al. two adjacent streams to document differences in bed
2002. Measured uptake lengths or rates are often materials; (2) determining water column and sedi-
temporally variable, reRecting seasonal or episodic ment phosphorus concentrations in these streams; and
changes in biotic activity in streams (Mulholland (3) conducting a series of experiments to explore the
et al. 1985 Doyle et al.20031. relative contributions of abiotic and biotic processes

Abiotic control on P in streams and rivers is often to phosphorus uptake across a range of benthic
described in terms of a collection of geochemical sediment particle sizes. This study was done in a
reactions collectively referred to as the Ophosphaterelatively pristine study system so that confounding
buffering mechanismO (Froelich989 in which effects associated with anthropogenic pollution (e.g.,
phosphate sorption to and release from suspendecheavy metal or other contaminant interactions with P;
and benthic particle surfaces determines water col- Gainswin et al2006 Lottig et al. in press or larger-
umn concentrations. Buffering kinetics may be scale processes controlling input and retention of P in
affected by redox status, pH, cation concentrations, human-dominated systems; Haygarth et 2005
geological variation in sediment composition, and, in were minimized, allowing us to focus on effects of
particular, by particle size (Froelich988 Stone and  variability in sediment size on P dynamics.
Murdoch1989 House and Deniso®000, with small
particles being particularly effective in exerting
abiotic control on water column P (Klott988 He Study site
et al. 1999. Despite various physicochemical inf3u-
ences, the phosphate buffering mechanism canThe Boulder Creek watershed is a second-order
maintain relatively constant concentrations of P catchment draining a relatively steep region of Pre-
within an individual river or stream (Froelich988). Cambrian quartzite with small deposits of sandstone

Streams are heterogeneous ecosystems, and ofterand limestone derived from glacial drift (Martin
bed materials are composed of mixtures of particle 1965 in south-central Wisconsin, USA (&3730@,
sizes ranging from Pne silts to large boulders. Thus, it 89838'00@V; Fig. 1). The 40.6 ki watershed is
is reasonable to assume that both biotic and abiotic dominated by a mature red oakiercus rubra) and
processes may be involved in determining water sugar mapleAcer saccharum) forest, and the entire
column phosphate concentrations, or that the domi- stream system lies within the forest cover. Because of
nant type of control might vary spatially or tempo- the well-developed canopy, the stream is highly
rally. Given the potential for both abiotic and biotic heterotrophic, and the relatively depauperate auto-
processes to affect phosphorus concentrations introphic community characterized by diatoms (Rod-
streams, we asked: can spatial variation in benthic gers et al. in review). Sampling efforts focused on
particle size composition affect water column phos- two 360-m reaches within separate brst-order streams
phate concentrations? More specibcally, we hypoth- in the upper watershed. Both channels originate from
esized that, all else being equal, differences in a single wetland and Row 1.5D2 km before joining
sediment size among streams can affect P concentrato form a second-order channel. Stream width varied
tions by both shifting the balance between abiotic and from ca. 0.5 upstream t¢d 1 m at the downstream
biotic processes and inRuencing the overall magni- end of both reaches. Larger rocks and gravel are
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drawn to scale at each site to create a set of maps of

4\‘,\_ { bed composition (after Weinber981). Quadrats
{ Wi“"“““%f covered anywhere from 30 to 100% of the stream
N, Boukder channel width. Benthic particle classes were divided
) " j into six categories (after Bunte and ARO0)): clay

(<0.0039 mm), silt (0.0039D0.063 mm), sand (0.063b
L 2.0 mm), gravel (2D64 mm), cobbles (64D256 mm),
and boulders (>256 mm). Particle sizes larger than
2 mm were determined by direct measurements in the
Peld, and identibcation of areas of sand and Pne
depositional fractions (i.e., clay, silts, and organic
M matter) were based on visual inspection. Hand-drawn
maps of stream bed sediments were scanned and
digitized to determine the distribution of each particle
] category using a samplerea-analysis program
(Burkett and Gusftasoh995.
, 3 Km Five sediment cores (5-cm diameter, 3B5-cm deep)
were taken from random areas identibed as sand or
Fig. 1 Map of Wisconsin (USA) showing the location of depositional sediment in each channel to validate
Boulder Creek (inset) and the Boulder Creek catchment. Study Visual classibcation of these fractions. No areas of
reaches were the downstream-most 360 m of each prst orderdepositional sediment large enough to core were
tributary prior to forming Boulder Creek observed in the eastern channel and consequently
only sand fractions were collected. Sub-samples were
ashed at 508C for 4 h to determine organic content.
conspicuous in the western channel, whereas Pner-Particle sizes of each core was determined using a
grained materials are obvious in the eastern branch.hydrometer with aggregate dispersion following
The differences in sediment composition appear to be Elliott et al. (1999. Field-dePned sand and deposi-
due to local differences in hillslope steepness and tional fractions were sbsequently adjusted to
erosion. Water quality in Boulder Creek is considered account for laboratory texture and organic matter
relatively high, as baseow suspended sediment andanalysis results. Differences in sediment distribution
total P concentrations are low (<50 mg/L TSS; between the east and west branches were determined
<0.060 mg/L total P). Dissolved organic carbon by standard-tests on arcsin-square root transformed
concentrations also tend to be low during spring, data.
summer, and winter (<4 mg/L); consequently,
organic P represents a small fraction of the total P |ongitudinal water chemistry surveys
pool during most months. pH in both channels ranged
from 7.3 to 7.8. Discharge in the east channel Two water samples for nutrient and anion analyses
(17 £ 5 L/s) was typically double those observed in were collected at 15-m intervals from both brst-order
the west channel (7 + 1 L/s). streams on a single day in August 2002, April 2003,
and July 2003 (50 samples per channel). An addi-
tional two-beld replicate samples were collected at

Methods three transects in each reach (top, middle, and
bottom; six samples per reach). Field replicate
Stream bed sediment composition samples differed by <2%; consequently, we report

mean concentrations for each transect. Samples were
Benthic sediment composition was determined every bltered through a 0.48m Millipore HA syringe blter
15 m within each stream in June 2003 (25 grids/ immediately after collection and stored on ice in acid-
channel). A 0.5 rigridded quadrat was placed inthe clean polyethylene bottles until returned to the
center of the channel and sediment composition was laboratory. Additional unbltered samples for cation
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analysis were taken every 75 m and stored on ice in  Algal-available SRP associated with sediments
acid-clean polyethylene bottles until returned to the (hereafter sediment P) was determined by NaOHD
lab where they were acidibed with ultra-pure 10% NaCl extraction following methods of Pionke and
HCI. Kunishi (1992. BrieRy,* 3b4 g of large gravel, 1D
Calcium (Ca) and magnesium (Mg) were deter- 2 g small gravel, or 0.3 g sand were placed into
mined on a Perkin-Elmer Optima 4300 DV induc- polyethylene cups with a 40 mL mixture of 0.1 N
tively coupled plasma optical emissions spectrometer NaOH and 0.1 M NaCl on a shaker table for 16 h. A
(ICP-OES). Soluble reactive phosphorus (SRP) was 15 mL aliqguot was removed, Pltered, and analyzed
determined by the ascorbic acid method (APHA for SRP. Sediment samples were then dried 8060
1995 within 24 h of collection to minimize errors  for dry weight (dw) determination and all results are
associated with sample instability (Haygarth et al. reported asng P extracted/g dw sediment. Differ-
1995. Additional aliquots of each sample were ences between size classes were analyzed with a one-
analyzed for nitrateBDN (N§®N), sulfate (Sg), and way ANOVA and longitudinal changes within each
chloride (CI) using a Dionex DX-500 ion chromato- size class were assessed by regressing sediment P
graph with an AS14A column following USEPA against distance downstream.
standard methods (1993). The specibc conductivity Sediment phosphorus uptake (SPU) was deter-
of each bltered sample was immediately measuredmined for intact (live) and HgGtamended (killed)
upon return to the laboratory using a bench-top sediments to assess the relative contribution of biotic
conductivity probe (WTW Cond340i) after removing and abiotic uptake of P. Sorption by live sediments

aliquots for nutrient analyses. represents both biotic and abiotic processes while
Spatial patterns in SRP probles were analyzed by sorption by killed sediments is a function of abi-
analysis of covariance (Ott and Longneckzi01). otic processes alone (Meyet979 Klotz 1988.

Background water chemistry samples were analyzed Biotic uptake can then be calculated by subtracting
with two-way ANOVA with reach (east and west) abiotic sorption from total (live) sorption. Sediment
and location (head or base) as factors. Tukégsts samples were incubated in a 1080/L PO;DP solution
were used for all post hoc multiple comparisons when buffered with 50 mg/L CaGland 30 mg/L MgCJ to

an interaction was present. match natural stream water ionic strength (Klotz
1988 1991) at a 1:10 (g sediment : mL solution)
ratio. Samples were continually agitated, and after
24 h, the aqueous and sediment phases were

'(Ij'o |delnt|fy effepts ?f part.lcle t5|ze on strgan; dPt separated by bltration. SRP was determined as
ynamics, a series of experiments were conducte Opreviously described. SPUTg g * h ) was deter-

characterize sediment P content and uptake charac-_. 8
L . . mined as:

teristics. Benthic sediments were collected from the

top 1B5 cm of stream bed at 60-m intervals using a SPU SRPRhital  SRRinal

polyethylene corer (4 cm in diameter). Sediments in UYs sedimentdw 7’ 01p

the sand size class were collected from the east

channel and gravel was collected from the west wherer is incubation time in hours.

channel. Due to the lack of adequate sediment Phosphorus sorption index (PSI), a measure of the

distribution among the reaches, we were not able to sediments ability to sorb large amounts of phosphorus

collect sufpcient sand samples from the west channel(Bache and Williamsl971 Klotz 1985, was deter-

or gravel from the sandy eastern channel. Two gravel mined on live and killed sediment treatments as

size fractions were collected: small gravel particles previously described for uptake measurements. One

ranged from 5 to 10 mm and large gravel particles hundred mL of bltered stream water was added to 20D

ranged in size from 15 to 30 mm. Sediment samples 30 g of wet sediments and spiked with a kO, stock

were stored on ice and returned to the laboratory solution to achieve a bnal concentration of 2,0@0°/

where they were refrigerated until analysis. At no L. Samples were shaken for 10 s every 15 min. After

stage did the sediments freeze, and all sedimentl h, a 15-mL aliquot was removed, Pltered, and

analyses were initiated within 12 h of collection. analyzed for SRP as described previously. Sediment

Sediment/phosphorus interactions
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samples were dried at 80 after extraction for dw  Results
determination. PSI was calculated as:
Stream bed sediment composition

(5SRRﬂi"a' SRR:.P VO') Benthic sediment composition between the east and
PSI Y, sediment dw _ 52b west channels differed signibcantly (Fig). The
log (SRRnar) east channel was characterized by extensive areas of

100% sand, while the west channel was composed
The equilibrium phosphorus concentration (EPC of primarily large cobbles and rocks interspersed

sensu Froelich1l989 is the ambient concentration with small gravel. Areas of Pne depositional sedi-
at which phosphorus is neither released nor taken ments were rarely observed in either reach and both
up by sediments, and thus it provides a metric for sand and depositional sediments constituted <4% of
assessing whether sediment acts as a source or sinkhe total benthic substrate in the west channel
of P depending on the water column SRP concen- (Fig. 2).
tration, and consequently its potential to control
water column P concentrations (Taylor and Kunishi

1971). EPG of both live and killed sediments were 1 A) *
determined by the techniques described by Froelich 6o - 7
(1989, Klotz (1991, and House and Denison s .

(2000. Four phosphorus solutions (0, 25, 50,
100 ng/L) were made by diluting a KHPO, stock 40 A
into a 50 mg/L CaGl + 30 mg/L MgCh solution

) - 30
(again, to match natural stream water ionic

strength; Klotz 1988 1991) To compensate for < 201
decreases in number of particles per gram while E; 10 .
maintaining a 1:10 ratio (g sediment : mL solution) § m 17*2 |7/_J
across the range of particle sizes, we incubated 5 0
* 10 g of sand or small gravel in 100 mL of each & B)
solution and 30 g of large gravel in 300 mL of 2
each solution. All samples were stirred gently on a = 601
shaker table for 24 h (House and Denisa600. o 50
The aqueous and sediment phases were separate %
by bltration for SRP determination. The change in 407 *
phosphorus g P/g dw sediment) was regressed 30 -
against the pnal SRP concentration, and ER@s
calculated as ther-intercept of this plot (Froelich 201
1988. 10 -
We used a two-way ANOVA with sediment type — ,LI
(sand, small gravel, and large gravel) and treatment 0 é' \0' 4 N A ©
(live or killed) as factors to identify differences in & & & T IS
SPU, PSI, and ER{values. Tukeyt-tests were N ©
used for all post hoc multiple comparisons when an Sediment Size Category

interaction was present. All data were checked for _. . . o
. . . . Fig. 2 Relative abundance of sediment categories in the east

normality using the ShapirobWilk test. Non-normal ;) and west k) channels of Boulder CreekError bars
data were appropriately transformed if possible to (mean + SE) are represented within the thickness of the line.
satisfy normality tests and transformation used Data were arcsin-square root transformed prior to statistical
noted in text. All statistical tests were performed 2naysis. Signibcant differences ( 0.05) between reaches

. . . with regard to the proportion of sediment present in a given
using SAS (Version 9.1 SAS Institute Inc., Cary, size category are identibed with asrerisk following standard
NC, USA). t tests
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Gravimetric analysis of sediment cores collected  The most conspicuous difference in water chemistry
from areas identiPed as sand in both the east and wesbetween the east (sand) and west (gravel) channels was
channels indicated that these areas were dominatedseen in the longitudinal SRP probles (FR). SRP
by sand-sized particles and included a small percent- concentrations in the west channel (3680§2) were
age of silt and clay (Tabl#&). As previously noted, no  signibcantly higherf=4,718.34 an# <0.01) thanin
areas of depositional sediment were observed in thethe east channel (20D2®)/L) and increased by 5b
east channel; areas debned as depositional sediment$0 ng/L over the 360 m reach on all sampling dates
in the west channel were composed primarily of sand (F > 77 andP < 0.01). SRP concentrations in the west
(59.3 = 4.1), silt (25.3 + 5.0), and organic matter channel also varied by up to 70% among the three
(12.9 £ 0.1; Tablel). However, when these results survey dates, while SRP in the east channel remained
were scaled up to the entire reach, they indicated thatrelatively constant among over time. Consequently,
silts and clays composed <1% of the benthic SRP concentrations always increased signibcantly
sediment in the west channel (Fig). more in the west channeF (= 353.14 andP < 0.01)

over the coarse of the study.
Longitudinal water chemistry surveys

Sediment/phosphorus interactions
Water chemistry characteristics of the two channels
were generally similar, although some signibcant The amount of algal available P differed signibcantly
differences were observed (Tab®. Cl concentra- among sediment size classe$ € 63.82 and
tions were relatively low (4.48D5.15 mg/L) and not P < 0.01). Sandy sediments contained the largest
signibcantly different between channel € 1.68 guantities of extractable P (11.6 + 1ng/g), and the
and P = 0.19). NGQPN was signibcantly different amount of extractable P decreased with increasing
between channelsF(= 20.79 andP < 0.01). How- particle size (large gravel 1.3 + 0.89/g; Fig. 4).
ever, concentrations were typically <10% higher in Extractable P on sand fractions collected from the
the west channel. S{roncentrations were similar at east channel was signibcantly correlated with dis-
the head of either channel£ 1.85 andP = 0.07), but tance downstreamd = 0.27,F = 5.91, andP = 0.03),
were signibcantly higher at the base of the east while no signibcant correlation was observed with
channel (13.53 + 0.09 mg/lz,= 6.09 andP < 0.01) either small or large gravel fractions collected from
relative to the west channel (12.51 + 0.01 mg/L). the west channel (Figh).
Similar to Cl, no signibcant differences were noted in  Sediment P uptake rates varied among particle
Ca (57.7b65.7 mg/L) between the two channels size categories and live versus killed sediments
(F = 2.79 and P = 0.10). Although signibcant (F = 29.71 andP < 0.01; Fig.6). Greatest uptake
(F = 5.47 andP = 0.04), Mg concentrations were rates were measured for the sand fraction
<1 mg/L higher in the east channel and did not vary (0.023 + 0.002ng g * h ) and decreased bya.
longitudinally in either channel. No statistics were 1. for small gravel (0.011 + 0.006mg g * h %)
run on conductivity data due to non-normally and 1.5 for the large gravel fraction
distributed data (ShapiroBWilt¥ = 0.94 and  (0.009 + 0.007ng g * h 1). Over all size fractions,
P = 0.03), but we observed substantial overlap in live sediments exhibited greater uptake relative to
the range of conductivity values (486D588/cm) killed samples £ = 5.52 andP = 0.03): 100% of
between the two streams (Talp uptake for the sand fraction, 63% for small gravel,

Table 1 Gravimetric analysis of sediments identibPed as sand and depositional fractions in the beld from the east (sand) and west
(gravel) reaches

Sediment type (Reach) Gravel (%) Sand (%) Silt (%) Clay (%) Organic (%)
Sand (East channel) 3.0+£0.7 95.3+ 0.7 11+01 0.0+ 0.0 0.6 £ 0.0
Sand (West channel) 59+24 89.1+25 38+04 0.6 £ 0.3 0.6+ 0.0
Depositional (West channel) 24 +£1.2 59.3+4.1 253+5.0 12+04 129+0.1

Values are mean + 1 SE
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Table 2 Stream water concentrations for dominant anions and cations in two tributary channels of Boulder Creek

Reach SRP (mg/L) NGDN (mg/L) SQ (mg/L) Cl (mg/L) Ca (mg/L) Mg (mg/L) Cond.r(s/cm)

East (sand)

Om 0.024 (0.019D 1.58 (1.37b 13.1 (12.4b  4.48 (3.80D 62.9 (61.8b 34.4 (33.4b 519 (506D
0.027) 1.69) 13.7) 5.21) 65.7) 35.0) 534)

360 m 0.026 (0.024Db  1.47 (1.42D 135 (13.1P 4.75(4.02D  60.0 (59.6©® 32.4 (31.8D 511 (486D
0.027) 4.49) 14.4) 5.34) 60.5) 32.9) 527)

West (gravel)

Om 0.040 (0.036D  1.81 (1.58D 12.8(12.6D 5.15(4.85D 60.3 (57.7® 32.1 (31.0D 514 (508D
0.043) 2.02) 12.9) 5.55) 61.4) 32.6) 521)

360 m 0.048 (0.044D 1.61 (1.47b 125 (12.2b  4.56 (4.23D 60.5 (59.3b 32.0 (31.8b 502 (489D
0.052) 1.72) 12.8) 5.25) 61.9) 32.8) 507)

Values are the annual mean (range) for the head and base of both the east (sand) and west (gravel) reaches

and 47% for large gravel were accounted for by

abiotic sequestration of phosphorus. However, de-

spite similar uptake rates for live and killed sand
fractions, and apparently lower rates for killed

treatments of gravel, there was no signibcant inter-

action between treatment (i.e., live versus killed

sediments) and particle siz& £ 2.13 andP = 0.14).
As with SPU, there were signibcant differences in

PSI values among sediment size classes (FigAs

In contrast, live sediments had consistently lower
EPG values than killed samples and displayed less
variability among size ractions. The maximum
difference between live ER(or the three sediment
categories was 9 ng/L, compared 65rg/L for killed
EPG, although the difference between live and killed
treatments was not signibcant for the small gravel
fraction 270 and P 0.11). Large gravel
exhibited the lowest EPLvalues, followed by sand

expected, small size fractions (sand) had the greatestand small gravel; however, the difference between

potential to remove phosphorus from solution
(PSI = 0.87 + 0.05), while the largest fraction had
the least potential (PSI = 0.16 + 0.03) of all size
fractions in the studyH = 261.18 andP < 0.01). We
found a signibcant interaction between particle size
and treatment (live versus killed) on PSI values
(F = 6.91 andP = 0.01) due to signibcantly higher
PSI values for the killed treatment relative to live
sediments for large gravet € 5.42 andP < 0.01).

EPG for killed sediments displayed a strong
particle size effect (Fig8), with decreased buffering
capacity associated with increasing particle size.
Among the killed particle size fractions, sand had
the lowest EPG, and, therefore, the largest capacity
to maintain low water column SRP concentrations,
while large gravel had the highest EfP@alues and
thus the least ability of all fractions to buffer water
column SRP. Killed sediments in the gravel size
fraction had EPg values that were marginally
signibcantly different from sand: (= 2.78 and
P = 0.09) but not large gravels(= 1.54 and
P =0.64), while EPG of killed sand was signibcantly
different from killed large gravel ((= 4.95 and
P < 0.01).

sand and large gravel was not signibcant .09 and
P =0.88). Small gravel EPgwas signibcantly higher
than both sand and large gravel ( 3.81 and
P < 0.01).

Discussion

Several studies have examined the role of sediments
in controlling phosphorus concentrations in lotic
ecosystems (e.g., Meyer979 Klotz 1988 House

et al. 1995 McDowell et al. 2003. In some cases
there appears to be a close coupling between
sediment buffering capacity (abiotic mechanism)
and SRP concentrations (Mey&B79 Klotz 1988
1991) while other studies have emphasized the role
of biota in regulating SRP concentrations (e.g.,
Elwood et al.1981 Munn and Meyerl99Q Valett

et al.2002. The two streams in this study present an
unusual opportunity for considering the relative
contribution of abiotic sorption processes versus
biotic uptake and for addressing the variable contri-
butions of these two processes types on stream water
P dynamics. The shared origin from a small upstream

@ Springer



304 Biogeochemistry (2007) 84:297D309

. A) gﬁ 14 1
E 121 T
45 1 A~y
E 10 A
40 1
° ® 2 5|
351 é .
° .
30 = N T
55 | VVVVWVVVV VWV g
—_ 21
<
20 1 50
< 0 T T T
=) Sand Sm. Gravel Lg. Gravel
ERtRe
g o0 Fig. 4 Algal available P for three difference sediment size
2 45 °®® o0 P categories in Boulder CreeBars are mean + SE with = 18
g ° o, ([ ] [ ] per category
40 A [}
> o °®
=
Q, 351 —~
° o0 16
Z 304 ;:0 14
g S~
O 25 A A 12 A
15} ~~
= as) . ®
S 20 o 1f
° > 81
w2 ~
8 6 o
50 1 _g 4
E ¢ #
5 2] v
=0 ¥ v
40 1 B
< T T T T 1
351 0 100 200 300 400
30 Distance downstream (m)
\ v vvv v _ _ ) . i
55 ] vvvv vvvy VVVVVVV VgVY Fig. 5 Algal available P for three sediment size categories
versus distance downstream in the East and West Boulder
20 - Creek tributary stream®egression lines are shown only when
" " " " ' sediment P versus distance downstream relationships were
0 190 200 300 400 signibcant P < 0.05). Closed circlesNsand, open circlesN
Distance downstream (m) small gravel,closed trianglesNlarge gravel

Fig. 3 Seasonal soluble reactive phosphorus probles for sand
(open triangles) and gravel {losed circles) reaches from Boulder  effects of particle size on water column P at the
Creek, Wisconsin. Samples were collectedhiAugust 2002 whole-stream scale.

April 2003, andc July 2003. Eaclpoint represents a mean of 2b5 . .
samples taken at 15 m intervals along each 360 m study reach.  Soluble reactive phosphorus was consistently low
Regression lines indicate signibcant relationship between SRPand did not vary with distance downstream in the
concentrations and distance downstredh(0.05) eastern channel, which contrasted the relatively high
and longitudinally increasing SRP proble of the west
wetland, the close proximity of the two streams, and branch. In the context of this natural experiment, the
the lack of consistent, substantial differences in water distinct nutrient patterns strongly suggest a role for
chemistry (except for SRP) all suggest that the source sediment size in creating differences in ambient SRP
water for both reaches is virtually identical. Thus, the concentrations, consistent with the Pbrst part of our
difference in bed sediment composition represents ahypothesis (i.e., differences in sediment composition

natural experiment (sensu Codi974 to assess can affect stream P concentrations).
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Results of small batch experiments with different
benthic sediment size classes provided support for the
second component of our hypothesis: that the sedi-
ment effects on water column P ref3ect a shift in the
balance between abiotic and biotic processes associ-
ated with differences in sediment size. Smaller
particle sizes that dominated the east channel had
high uptake rates (SPU), and EfP@lues were lower
than ambient SRP concentrations for both live and
killed samples, demonstrating that these sediments
were able to retain SRP (Froelidi®88. Another line
of evidence indicating that these smaller sediments
were removing SRP from the water column was the
signibPcant downstream increase in sediment-bound
phosphorus in the bne sediments of the east channel.
The potential for sediments to remove SRP and the
downstream accumulation of P on these sediments
both support the conclusion that the observed low and
constant water column SRP concentrations were
being maintained by sediment uptake along the
length of the east channel. Further, the lack of
difference between live and dead treatments for all
sediment-phosphorus measures (gHESI, and SPU)
for the sand fraction suggests that this uptake is
largely abiotic. However, the addition of a biocide
potentially confounds this conclusion, as killing the
microbes may lead to the release of their internal P
stores into solution. If microbial P release is
substantial, sediment P metrics for killed sediments
would be under-estimated and in turn the signibcance
of biotic uptake would be over-estimated. However,
additions of HgCJ did not cause rapid increases in
solution P (Lottig and Stanley, unpublished data),
which would be expected if there was substantial
release of microbial P. Thus, while we cannot
completely discount the effects of the biocide on
sediment rate estimates, we do not have reason to
believe that this was a major source of error in our
assays.

Just as experimental evidence suggested that low
and relatively constant SRP concentrations were
being mediated by abiotic sediment processes in the
east channel, it also suggested that was not the case in
the west channel. The dominant sediment in the west
channel had killed EPgvalues greater than water
column SRP concentrations, implying that no abiotic
retention was occurring. In contrast, we observed
very low EPG values for live large gravel fractions
and moderate uptake rates by live gravel classes,
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which emphasize the role of algal and/or microbial are generally considered to be relatively coarse (i.e.,
communities in P uptake and in affecting SRP the sand size class) can support substantial abiotic
dynamics in the west channel. uptake at the whole-reach scale.

The one counterintuitive outcome from our sedi- The transition from abiotic to biotic pathways
ment experiments was that the PSI values for killed along a particle size gradient is not surprising given
samples were higher than the live sediments, the basic physical properties of different sediment
although this difference was signibcant only for the classes. On one hand, small sediments provide a
large gravel fraction. These are somewhat conflicting relatively unstable substrate for establishment of
results because the live treatments should always bebiota (limiting biotic uptake) because of their ease
at least the same if not larger than killed treatments of mobility, but these Pne-grained particles offer
since they incorporate both biotic assimilation and extensive surface area for P sorption. On the other
abiotic sorption (Haggard et all999. Regardless, hand, larger, more stable sediments can be more
ambiguous PSI results may not be surprising given rapidly colonized by microbial and algal communi-
the extremely high level of the addition (2,08@/L). ties (Duffer and Dorrisl966 but offer less surface
While this experiment is useful for considering the area for abiotic sorption. Thus, it is expected that
consequences of an acute short-term P addition, itstudies emphasizing the phosphorus buffering mech-
may have been too large for any discernable differ- anism are dominated by systems with high silt and
ence between live and killed treatments to be clay fractions (e.g., HilLl982 Klotz 1991, House and
observed (Munn and Meydr990). Denison 1998 Smith et al. 2009, whereas those

Our laboratory experiments clearly demonstrated focusing on biotic mechanisms of P retention typi-
differences in relative and absolute rates of biotic and cally have stream beds dominated by gravel, cobble,
abiotic P uptake as a function of particle size. From and boulder substrates (e.g., Newbold et 33
these results, we suggest a simple conceptual frame-Munn and Meyer199Q Marti and Sabaterl996).
work to describe the shift from abiotic to biotic Often, it is assumed that the potential for biotic
uptake and changes in the rate of uptake along auptake to affect water column P is limited (e.g., see
particle size gradient (Fig9). While the effects of = Macrae et al2003 because of low concentrations at
particle size on P uptake have been described which biota become P saturated (1B#f)L; Both-
previously in streams (Klot4988 Stone and Mur-  well 1985 Mulholland et al. 1990. The contrast
doch1989 Munn and Meyerl990, we were able to  between low and constant SRP concentrations in the
identify particle sizes in which biotic uptake emerged sorption-dominated east branch versus the high and
as a contributor to P uptake, and further, that fractions increasing SRP proble of the west branch where
biotic uptake assumed greater relative importance
demonstrates this reduced potential for biota to affect
water column P illustrated in Fig9. However,
Mainstone and Parr2002 argue that growth rates

é“ and standing crops of primary producers can be

§ affected by P concentrations as high as 200880

©) L, suggesting that even at concentrations L,

,cé” biota should be able to inRuence stream water P.

g Abiotic = — — = There are two notable implications of these

a _ Biotic demonstrated particle size effects on rates and
- mechanism of P uptake in Boulder Creek and other
Particle Size > similar streams. The brst point relates to the capacity

of sands to regulate P in this stream. Relative to bner
Fig. 9 Conceptual diagram of the sorption potential and silts and clays, sands have less uptake capacity and
mechanisms responsible for uptake of phosphorus in benthic retain less P. For example, concentration of sediment-

sediments across a particle size gradient. Té&d line .
represents the total buffering capacity and Wehed line bound P in Boulder Creek averaged /g,

represents the transition from uptake being primarily abiotic to aPProximately an order of magnitude lower than
primarily biotically mediated by periphyton Communities concentrations observed for silts (<0.25 mm) in
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Hoxie Gorge, NY (Klotz 1989 and suspended the consequences of increased P loading given
sediments (<2 mm) in the Susquehanna River basin,coupled changes in sediment composition and
PA (Pionke and Kunishil992. However, in all transport (Mainstone and Pai2002. While we
likelihood, the modest uptake capacity of sands (as have shown that differences in particle size have
measured in laboratory experiments) coupled with consequences for water column P and pathways of
high mobility of this size fraction mean that the P retention, it is not clear how much change in
effectiveness of this P sink may be greater than particle size is needed to trigger ecologically
expected. While Pne sediments have substantial Pmeaningful changes in water column P or P storage
sorption capacity, signibcantly higher velocities are in bed sediments. Making quantitative connections
needed to mobilize and transport these particles between P inputs, sediment-P interactions, biotic
relative to sand (Knightod998. Thus, the abiotic P responses, and sediment transport dynamics will
sink might OPIl upO over time in a clay- or silt- likely be required to understand interactive effects
dominated system if scouring Roods do not occur, of human activities on stream phosphorus dynam-
and sediments will shift from P sinks to P sources ics.
(e.g., Schulz and Herzag004 Jarvie et al2005. In
contrast, frequent transport of sand occurs during Acknowledgments We thank Maury Valett, Jack Brookshire,
moderate Rows in Boulder Creek (Orr et @pog  2nd two anonymous reviewers for their comments on early
) . - versions of this manuscript, the Virginia Tech Statistical
and input of new sediments from bank erosion or consulting Center for assistance with statistical analysis, and
other disturbances can replenish the sediment P sinkthe Aldo Leopold Foundation for site access. Funding for this
(Meyer 1979. Thus, sediments in the 1D2 mm size research was provided in part through the Chase Noland
s . Fellowship to N. R. Lottig.

class represent an optimization of P sorption and
sediment turnover that can maintain a relatively
stable, long-term buffering mechanism in these
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Second, changes in particle size composition could
have important consequences for P cycling and American Public Health Association (1995) Standard methods

L . . - for the examination of water and wastewater, 19th edn.
productlwty in some streams. Fine sediment mputs Washington, DC

often increase following natural disturbances (e.9., Bache BwW, williams EG (1971) A phosphate sorption index
Lamberti et al.1997), but sand and silt inputs to for soils. J Soil Sci 22:289D301
streams are also strongly associated with anthropo- Bunte K, Abt SR (2001) Sampling surface subsurface particle-

genic activities such as road construction, agricultural ~ S12¢_distributions i wadable gravel- and cobble-bed
streams for analyses in sediment transport, hydraulics, and

and urban land uses, etc. (Waté&93 and may have streambed monitoring. United States Department of
important consequences for P storage and transport.  Agriculture, Forest Service General Technical Report
For example, widespread siltation allows P to accu- RMRS-GTR-74

. . Bothwell ML (1985) Phosphorus limitation of lotic periphyton
mulate in many UK Rivers, and may eventually lead growth rates: an intersite comparison using continuous-

to greater riverine eutrophication (Mainstone and Parr Row troughs (Thompson River system, British Columbia).
2002. Similarly, dam construction and removal Limnol Oceanogr 30:527D542
profoundly alter downstream bed sediment composi- Burkett EB, Gusftason SK (1995) Use of video image analysis
. ; for assessment of coral reef structure. In: Proceedings of
tion (C_:Olll_er e_t al.1996 Doyle et al.20033 and P the St. MaryOs University Research Symposium, Winona,
retention in rivers (Stanley and Doyl2002. The MN, pp 1910
differences in water column P probles in the two Cody ML (1974) Competition and the structure of bird com-
Boulder Creek tributaries associated with divergent "_mU”'t'es- Princeton L;‘”'Yers'ty Press, Princeton, NJ
sediment composition suggest that common anthro- Oler M, Webb RH, Schmidt JC (1996) Dams and rivers:
. o . . primer on the downstream effects of dams. US Geological
pogenic activities that modulate sediment supplies Survey Circular 1126. Tucson, AZ
also have the potential to alter P cycling in streams. Doyle MW, Stanley EH, Harbor JM (2003a) Channel adjust-
In addition to changing the amount or size of ments following two dam removals in Wisconsin. Water
. . Resour Res 39:10.1029/2002WR001714
sediments de.llvered to channels, human_ use of Doyle MW, Stanley EH, Harbor JM (2003b) Hydrogeomorphic
streams and rivers often modulate Bow regimes and " controls on phosphorus retention in streams. Water Resour

increase P loading. It will be challenging to predict Res 39:10.1029/2003WR002038

@ Springer



308

Biogeochemistry (2007) 84:297D309

Duffer WR, Dorris TC (1966) Primary productivity in a

southern Great Plains stream. Limnol Oceanogr 11:143D

151

Elliott ET, Heil JW, Kelly EF, Monger HC (1999) Soil struc-
tural and other physical properties. In: Robertson GP,
Coleman DC, Bledsoe CS, Sollins P (eds) Stand soil
methods for long-term ecological research. Oxford Uni-
versity Press, New York

Elwood JW, Newbold JD, Trimble AF, Stark RW (1981) The
limiting role of phosphorus in a woodland stream eco-
system: Effects of P enrichment on leaf decomposition
and primary producers. Ecology 62:146D464

Froelich PN (1988) Kinetic control of dissolved phosphate in
natural rivers and estuaries: A primer on the phosphate
buffer mechanism. Limnol Oceanogr 33:649D668

Gainswin BE, House WA, Leadbeater BSC, Armitage PD,
Patten J (2006) The effects of sediment size fraction and
associated algal biobIms on the kinetics of phosphorus
release. Sci Total Environ 360:142D157

Haggard BE, Stanley EH, Hyler R (1999) Sediment-phospho-
rus relationships in three northcentral Oklahoma streams.
Trans ASAE 42:1709D1714

Haygarth PM, Ashby CD, Jarvis SC (1995) Short-term changes
in the molybdate reactive phosphorus of stored soil wa-
ters. J Environ Qual 24:1133D1140

Haygarth PM, Wood FL, Heathwaite AL, Butler PJ (2005)

Lamberti GA, Gregory SV, Ashkenas LR, Wildman RC,
Moore KMS (1991) Stream ecosystem recovery following
a catastrophic debris Bow. Can J Fish Aquat Sci 48:196D
208

Lottig NR, Valett HM, Schreiber ME, Webster JR (in press)
Flooding and arsenic contamination: infBuences on eco-
system structure and function in an Appalachian head-
water stream. Limnol Oceanogr

Macrae ML, English MC, Schiff SL, Stone MA (2003) Phos-
phate retention in an agricultural stream using experi-
mental additions of phosphate. Hydrol Process 17:3649D
3663

Mainstone CP, Parr W (2002) Phosphorus in riversNecology
and management. Sci Total Environ 282D283:25b47

Mart® E, Sabater F (1996) High variability in temporal and
spatial nutrient retention in Mediterranean streams.
Ecology 77:854D869

Martin L (1965) The physical geography of Wisconsin. Uni-
versity of Wisconsin Press, Madison, WI

McDowell RW, Sharpley AN, Folmar G (2003) Modibcation
of phosphorus export from an eastern USA catchment by
RBuvial sediment and phosphorus inputs. Agric Ecosyst
Environ 99:187D199

Meyer JL (1979) The role of sediments and bryophytes in
phosphorus dynamics in a headwater stream ecosystem.
Limnol Oceanogr 24:365D375

Phosphorus dynamics observed through increasing scalesMulholland PJ, Elwood JW, Newbold JD, Ferrin LA, Webster

in a nested headwater-to-river channel study. Sci Total
Environ 344:83D106

He ZL, Wilson MJ, Campbell CO, Edwards AC, Champan SJ
(1995) Distribution of phosphorus in soil aggregate frac-
tions and its signibcance with regard to phosphorus
transportation in agricultural runoff. Water Air Soil Pollut
83:69D84

Hill AR (1982) Phosphorus and major cation mass balances for
two rivers during low summer Bows. Freshw Biol 12:293D
304

House WA, Denison FH (1998) Phosphorus dynamics in a
lowland river. Water Res 32:181991830

House WA, Denison FH (2000) Factors inBuencing the mea-
surement of equilibrium phosphate concentrations in river
sediments. Water Res 34:118791200

House WA, Denison FH, Armitage PD (1995) Comparison of

the uptake of inorganic phosphorus to a suspended and

stream bed-sediment. Water Res 29:767D779
Jarvie HP, Jdtgens MD, Williams RJ, Neal C, Davies JJL,
Barrett C, White J (2005) Role of river bed sediments as

sources and sinks of phosphorus across two major eutro-

phic UK river basins: the Hampshire Avon and Here-
fordshire Wye. J Hydrol 304:51D74

Klotz RL (1985) Factors controlling phosphorus limitation in
stream sediments. Limnol Oceanogr 30:543D553

Klotz RL (1988) Sediment control of soluble reactive phos-
phorus in Hoxie Gorge Creek, New York. Can J Fish
Aquat Sci 45:2026D2034

Klotz RL (1991) Temporal relation between soluble reactive

phosphorus and factors in stream water and sediments in

Hoxie Gorge Creek, New York. Can J Fish Aguat Sci
48:84D90

Knighton D (1998) Fluvial forms and processes: a new per-
spective. Arnold Publishers, London, UK

@ Springer

JR (1985) Phosphorus spiraling in a woodland stream:
seasonal variations. Ecology 66:1012D1023

Mulholland PJ, Steinman AD, Elwood JE (1990) Measurement
of phosphorus uptake length in streams: comparison of
radiotracer and stable RB@eleases. Can J Fish Aquat Sci
47:2351D2357

Munn NL, Meyer JL (1990) Habitat-specibc solute retention in
2 small streamsNan intersite comparison. Ecology
71:2069D2082

Newbold JD, Elwood JL, OONeill RV, Sheldon AL (1983)
Phosphorus dynamics in a woodland stream ecosystem: a
study of nutrient spiraling. Ecology 64:1249D1265

Orr CH, Rogers KL, Stanley EH (2006) Changes in channel
geomorphology and phosphorus uptake following small
dam removal. J N Am Benthol Soc 25:556D568

Ott RL, Longnecker M (2001) An introduction to statistical
methods and data analysis 5th edn. Duxbury, Pacibc
Grove, CA

Pionke HB, Kunishi HM (1992) Phosphorus status and content
of suspended sediment in a Pennsylvania watershed. Soil
Sci 153:452D462

Reddy KR, Kadlec RH, Flaig E, Gale PM (1999) Phosphorus
retention in streams and wetlands: a review. Crit Rev
Environ Sci Technol 29:83D146

Schulz M, Herzog C (2004) The inRuence of sorption processes

on the phosphorus mass balance in a eutrophic German
lowland river. Water Air Soil Pollut 155:2919301

Smith DR, Haggard BE, Warnemuende EA, Hunge C (2005)

Sediment phosphorus dynamics for three tile fed drainage
ditches in Northeast Indiana. Agric Water Manage 71:19D
32

Stanley EH, Doyle MW (2002) A geomorphic perspective on

nutrient retention following dam removal. Bioscience
52:693D701



Biogeochemistry (2007) 84:297D309 309

Stone M, Murdoch A (1989) The effect of particle size, anions in water by ion chromatography. Environmental
chemistry and mineralogy of river sediments on phosphate Monitoring Systems Laboratory, USEPA Cincinnati, OH,
adsorption. Environ Technol Lett 10:501BD510 USA

Tate CM, Broshears RE, McKnight DM (1995) Phosphate Valett HM, Crenshaw CL, Wagner PF (2002) Stream nutrient
dynamics in an acidic mountain stream: interactions uptake, forest succession, and biogeochemical theory.
involving algal uptake, sorption by iron oxide, and pho- Ecology 83:2888D2901
toreduction. Limnol Oceanogr 40:938D946 Waters TF (1995) Sediments in streams: sources, biological

Taylor AW, Kunishi HM (1971) Phosphate equilibria on effects and controls. American Fisheries Society, Beth-
stream sediment and soil in a watershed draining an esda, MD
agricultural region. J Agric Food Chem 19:827D831 Weinburg S (1981) A comparison of coral reef survey meth-

United States Environmental Protection Agency (1993) ods. Bijdr Dierkd 51:1999218

Method 300.0, Test method for determination of inorganic

@ Springer



	Benthic sediment influence on dissolved phosphorus concentrations in a headwater stream
	Abstract
	Introduction
	Study site
	Methods
	Stream bed sediment composition
	Longitudinal water chemistry surveys
	Sediment/phosphorus interactions

	Results
	Stream bed sediment composition
	Longitudinal water chemistry surveys
	Sediment/phosphorus interactions

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


