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PERIPHYrON

By Jamei'S. Kuwahara!, CecilyC. Y.

ABSTRACT

In~ased periphyton abamdance in Whitewood
Cnek, South Dakotll, during the summer months
sugests that chemical interactions involving arsenic
and phOSphOlUS between biota and the overi>'"ng
water mDY significantly affect As transport and
distribution in this mining-affected strtam. Data

used to predict arsenic transport for algae (for
aample, first-order uptake-rote constants, standing
crop and accumulation factors) collected in the
creek from upstream of mine discharge through a 57

kilometer affected reach have been detetmined.
Cultures of Achnanthes minutissima (Bacil-
lariophyceae) were isolated from four sites along a
longitudinal gradient of dissolved arsenic within the
study reach and then maintained at ambient
dissolved arsenic concentrations. Arsenic uptake-
rate constants for these isolates were detetmined as
a function of dissolved arsenate and oIthophos-
phate. All isolates appeared to have some exclusion
mechanism by which phosphate was preferentially
taken up over arsenate or by which excessive cell-
associated arsenic was released. Initial uptake of
both arsenate and orthophosphate appear to follow

first order kinetics closely. Although uptake-rate
constants increased slightly with increased
dissolved arsenate concentrations, algae isolated
from a site with elevated dissolved arsenic showed
a significantly slower arsenic uptake relative to the
same species isolated from the least contaminated
site upstream. Over a 4-month sampling period
during the summer of 1987, periphyton abamdance
increased downstream, then ab~ptly decreased at
the site fanhat downstream. Dissolved arsenic,
tempe1Glure. physical subSt1'ate, and tUlbidity may

~ these tIad.s in periphyton stDnding crop.

INrROOUCriON

Biological processes can play an importlDt role
; in the transport of reactive solutes in streaDII

(Kuwabara and Hellikcr, 1988). For ~~~
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solute uptake by organisms may retard
downstream transport, whereas metabolic
reactions may result in a change in chemical
speciation of that solute resuitiDg in a change in its
surface activity and transport behavior. The
effects of these biological processes are difficult
to quantify because characteristics of the benthic
and planktonic communities change dramati-
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A first-order rate equation was
this pcriphyton compoaCDt.

Whitewood Creek (1at. 4483()' N.loag. 1m-4S'
E., fig. 0.18), which is a percDDial, mow-fed
stream witbia the Black Hills of South Do., -
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selected for this study u.-ueam from the mining
activities to approximately 1-km (kilometer)
upstream from the confluence of Whitewood
Creek and the Belle Fourche River (fig. D-18).
Although direct discharge of mine tailings into the
creek ended in 1977, residual mine tailings form
most of the bank and bottom sediment material
over the 57-km study reach. These tailings
contribute to a dissolved-As concentration
gradient that increases in the downstream
direction. Conversely, inputs of phosphorus (P)
and other macronutrients from a sewage-
treatment facility, at Deadwood, provides a
dissolved P gradient that decreases in the
downstream direction, except in downstream
(arable) areas where irrigation waters from
fertilized soils intermittently flow into the stream.
Each year after snowmelt, a dense community of
attached algae and submerged macrophytes
quickly fOnDS. A dense cover remains through
the summer months. Coincidentally, peak
dissolved As concentrations in the streamwater
occur during the summer at downstream sites,
possibly because of (1) a periphyton driven,
diurnal pH fluctuation that causes release of
particle-bound As; and (2) summer inputs of
ground water that contains elevated dissolved As
concentrations (Fuller and others, 1988, Goddard
and others, 1988). The study reach, therefore,
represents ideal field conditions for the examina-
tion and quantification of potentially important
contributions of the periphyton to As mobilization
and transport.

C.B. Hellquist of North Adams State College
in North Adams, Mass., and R.L. Wong are grate-
fully acknowledged for taxonomic analyses of
submerged macrophytes and benthic algae.

EXPERIMENTAL PROCEDURE

The experimental approach involved
dete~riOD of As transport characteristics for
algae and maaophytes collected at four sampling
sites (fig. D-18): (1) a site 7 kID upstream from the
mining adiYities (1,~ meters elevatiOD); (2) 15
kID downstream from the fint site and within the
town of Deadwood (0.25 kID downstream from
treameDt piaDtd iscbarge, ~ meters elevatic:xa);
(3) ~ kID fartbcrdOWDStr eam at aU .S. Gcololic:al
Suney IIIiDI station (m meters elevation); aDd

(4) approximately 1 km upstream
confluence of Whitewood Creek
Fourche River (850 meters elevation).
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Transport characteristics estimated include
standing crop (p b) or the accessible periphyton
mass per unit streambed area, net sorption rate
constant (Ab), and accumulation factor (that is,
biological partitioning coeffient, Kb), and may be
used to describe a biological component of a
comprehensive transport model describing
hydrologic, chemical and biological processes.
Assuming a fIrSt -order process, the rate of change
of dissolved As resulting from periphyton
accumulation would take the form:

(Pbj /Dj)~ - - (Pbj /Dj)( iJCbIat) -
- Abj(Pbj /Dj)(Cbj-~q),

intervalwhere the index j is a fmite of the stream
reach, D is the mean interval channel depth. Rb
represents the temporal change in solute
concentration associated with the periphytOD
(Cb), and C is the solute concentration in the
stream as a function of time (t).

The As uptake by algal cells was studied in
laboratory experiments as a function of dissol\'ed
arsenate and orthophosphate concentrations in
media formulations. Unialgal cultures of the
diatomAchnanthes minutissima (Kuetzing) Cleve
collected along the study reach were used to
detennine uptake-rate constants. After isolation
in liquid media and enriched agar plates, algal
stocks were maintaiDed in chemically de~~
media with added arseaate and OI'tbopbOlpbate
conccDttatiODl similar to ~~~ nil 8; the
sampling sites. .A.. miIaId.rIimG .. tWo few
specica ~1ated &c:a aD foar 8eIo SIJd::.::i:-~~
spp. and ScClWde.tmll.r spp. aIIo ~ ~~ &..
aD four sitea and Uted ia ~~ --- b8.
were ~ . eaIi1y eD~-IIed wkk dID ~;kii
ck)ubIetIaDd ceO cb1i8 N..- 8d =; ~ - =; ~
uptake rate CX8It~.1 ~dcta miMd &.. '7J Aa
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aDd 32p.labeled experimeD1S usiDI ceDI, he81
killed u deIcribcd by F" L\ber aDd ~ ( 1*) .
Previous experlmCDtI (Kuwabara aDd othen,
1988) indicated that use of beat.kiIIed c:e1Ja f(X'
short-tenD As and P uptake experlmCDtl yielded
results comparable to liviog-ceU cultures aDd
avoided the Deed for biomaSl corredioaa. A 32
full.factorial experimental design (D (Dumber of
treatmeDt replicates) - 3) was used to ~~miDC
the interactive effew of As and P oa uptake ratca
aDd accumulatioD of tbese solutes usiag.A.
minutissimD isolates from the HW and ~ V
sites. Results presented here consider OnJy results
of As uptake in these experiments. 73 As and 32p-

labeled stock solutions were used to achieve 0.0,
0.5, aDd 1.0 14M (micro molar) initial
coDcentrations of dissolved As and P in the nine
chemically defined media fonnulatioDs. AD
inoculum of heat-killed cells was theD added (106
cells per milliliter). After periods of 0.5,1. 2, 4, 8
and 24 bours aliquOt! of the ceU suspensions were
ceDtrifuged at 13,000 r/miD (revolutions per
minute) for 15 minutes. The supernatant was theD
removed and counted by liquid scintillation to
determine solute removal from SOIUtiOD by the
cells.

PeriphytoD abundance (pb) at each of the four
sites was estimated monthly from late May to
September 1987, using ash-free dry weight and
chlorophyU-a measurements (a - 9) of measured
streambed areas (Franson, 1985). Measuremeats
of channel width (a-3), depth (a-9) and chan-
nel velocity (n = 9) were made at all sites, as were
temperature, specific coDductaace. dissolved
oxygen and pH (table D-6). Arsenic coaceD.
trations in dominant periphytoa species were
determined by hydride generation, atomic
absorption spectroscopy (Jow aDd Luoma,
1988).

~ULTS

Temporall"MDpI in peripb:yton ~~
differed among Utea. AI ot.erwd in the ~
samples (KUWIbara and otben, 1988), perlpII)tc.
mass per unit ~~.t1 area generally iDaeaIed
with dist~ dOWDSb'eam &CD the HW site to the
V site and then deaeued au~ 81 the .-:
dOWDStream (SH) lite (table 0-6). At the HW
site, which was dcaiftat~.6jtbr oaIboat the ~~

by a submersed maaoph)te (RmIIuIcubu IM-
6IOJtIi,r), biomass slightly iDcreued from aD
~ of 37 11m2 ~ams per square meter) ia
late May to ro 11m ia September (table 0-6).
MoDthly differeDces were, however, Dot
sipif1CaDt at the 9S-perceat coafideace level
(table ~). The large CODfideDce iatenals rela-
ti1Ie to a~r. Pb values, e~D with aiDe replicates
per site, is iadicati~ of a patchy periphytOD
distributioD. At the STP site, a community
dolDiDated by R61Iuncubu during JUDe aDd July
gradually changed to a dease growth of the
poDdweed ZDMiche/li4 ptI/wtri.f aDd the
chlorophytes Cladophora spp and U1othri% spp.
duriag August aDd September. Similar to the HW
site, moDthly staDding crop values were not
stati\ticaJly different (table D-6). Because of
high-flow conditions, periphyton growth was not
established at the V site during the first sampling
period in June. However, by July, a thick
(approximately 20 CID (centimeters» mat of
R4nuncuJus and epiphytic diatoms blanketed
more than half of the stream ,..hanneL As at the
STP site, August and September samples ~
a shift toward Zannichellia and filamentous
chlorophyte species at the V site. Ooce the
periphytOD wu established, staDdiDg crop wu
clearly most abuDdant at the V site, where
estimated biomass was an order of IDagDitude
higher than at other sites. Elevated stream
discharge ia late May aJso iahibited the estab-
lishment of a periphyton community at the SH site,
but Zannichtllia was observed ia abundance by
July under much lower flow conditioDS (table
D-6). Epiphytic diatoms and filamentous
chlorophytes dominated peripbyton communities
ia August and September samples. Standing crop
was consistently lower at the SH site than the ~
three ur-ueam sites.

Autotrophic indices (AI, mall ratioc of
perlpbytC8 dry ~ to chb.,-:l-a) ~
frCD ~ at the SH We in July to 310. - V.
ia September (tIbie 0-6). TII8d ~ , seat the ~ of three repIat~ ftk ~...,.~

coafidcace intemll coaIiIteady '- ... »
penza! of the ~ T8 iDda - be8 -- .,
.. iadicatcw ol ea9i.~==: 1 ~ --.,
me-.. v8IaeI &-~~e me81i81 ~~~-~i
ol ~ cw me8ed ceJk « -

~



~

~

proportion of heterotrophic growth (Weber,
1973). All four sites in late May aDd Julydispla~
AI values typical of UDstressed peripbytOD com-
munities (approximately 100 :t; SO), whereas
elevated values were measured at the V aDd SH
sites in August aDd at the HW, V, aDd SH sites in

September.

Table D-6. - Field dQta collected monthly during the summer of 1987 from four situ along ~ Cnek,
South Dakota.. Headwater (HW), Sewa~ T~Qtment Plant (STP), Above Vale (V), and Sheeler Seep (SH)

sites

5/27 930 HW 420 8.2 83 2.6%0.1 O.U::tO.OS 0.82::t0.02 03 37::t15 13)
5/27 1430 STP S45 15.2 8.1 7.7% .5 .38::t .~ .94::t .12 2.8 34::t17 110
5f28 1300 V 890 18.4 8.2 21.6::tl.6 3S::t .12 .3O::t .11 2.3 --
5f28 15SO SH ~ 20.0 8.2 3.9::t .4 .38% .15 .77::t .20 1.1 --

7n. 1255 HW 450 16.0 8.3 2.4% .3 .10% .02 .58% .10 .1 52%19 110
7/8 1040 STP 7(i) 17.0 8.4 7.3% .5 .24% .04 .74% .11 1.3 71%51 120
7/9 1300 V 1180 21.5 8.6 17.9% .7 .05% .02 .39% .14 .4 469%65 90
7/10 1610 SH 1310 28.0 8.6 3.4% .5 .24% .11 .86% .16 .7 28%5 ~

8/19 940 HW 429 9.0 8.7 2.5:t .3 .15:t .03 .51:t .16 .2 51:t27 140
8/19 1300 STP 899 17.6 8.3 7.1:t .3 .23:t .~ .6S:t .19 1.1 54:t19 100
&126 1400 V 11~ 17.0 8.0 18.0:t .5 .21:t .18 .13:t .03 .s 28):z~ 18)
~ 1015 SH 1245 14.5 8.1 3.6:t .3 .27:t .04 .'n:t :» .7 ~%14 18)

9/16 1315 HW 563 11.1 8.3 L7%.2 .10%.02 .25%0.05 .1 s):34 1~
9/16 1m STP 930 16.8 7.9 6.5:.7 .19:.04 .S3%0.a7 .7 82;%S) 1.3)
9(28 1745 V 1167 18.3 8.1 17.8: .8 .33:. J11:tO.o1 .4 237:25 310
9(28 1435 SH 1221 19.5 8.3 3.7:.4 .24%.05 .46:0J8 .4 7:4"

The &nenic concentrations in algal tissues
consistently increased between the late May and
August dates at all four sites (table D- 7).

obsenoed in August aDd Septem-
or~adecreasein

also a discernible incrcase

in tissue As concentrations with distance

downstream. However, the range of
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concentrations observed during the growth
period at the upstreaai (HW) site wu much
greater than that observed at the downstream sites
(table D- 7). Arsenic in submerged maaophyte
tissue was slightly higher than found in the macro-
algae although general concentrations trends at
each site were very similar between plant groups
(table D- 7).

Short-term uptake-kinetics experiments using
A. minutissima indicate that a fIrst-order rate
equation closely describes the observed &]gal
uptake of arsenate. Fit of the kinetic data for both
HW and V isolates at the nine treatment combin-
ations to a fIrst-order model (Dixon, 1985) yielded
consistently high coefficients of determination

Table D-7.-Totai anenic concentrations (mi~ solute per pm dry tissue) with 95-percellt
confidence inteNals (4 replicGtes) in ~t periphyton species coll«ted from ICXIr situ alMg
JJ'7Iitewood Cnek, South Dakota

[The headwater and most upstream site (HW), sewage treatment plant site (STP), aboYe Vale site
(V) and Sheeler seep site (and most downstream sampling site for this study, SM). Symbol"."
indicates that tbe pcripbyton community bad not yet been established at that site]

Sampling site

HW . Macroalgael 1,465 % 38
- Macrophyte2 1,552 % 16

STP . Macroalgac
. Macropb)1c

V - MaaoaJpc
. Maaopb)1c

SH - MaaoaJpc
- Maczophytc

"S8IDpia domiD8led by rllaaleD~ cbL~.& lad .~71k; .tI.- Sp8dftc ~. -- - - - .-.:

IUlKtvre .ft ~;:>..: iD IJIc Iat.
~ IU~ -plea typically dc8iMled bJ 1M aKr...,." . -- :. ~~::_~ .:::::::'-CO ~

a8Id8"i8d" aIpI ~ wbcrealalCr ~ --If ckaiMled by 1M 8Id. 7...~~
Specitk ch8Dpi ID dc8iUDI m8Ci".1ped8 8ft ~ iD 1M -.

aIpI ~~~ wbi;.. 18- ~ ~-Iy ~
... Ia "'-i-AI mac.,.. ~ ... ~

(table D-8). Uptake rate coastaats were
significantly iacreased by elevating dissol\'ed
arseaate conceatratioas. A comparison of rate
coastaats for HW aDd V isolates shows
significantly lower CODstaats for the apparently
As-tolerant V isolate. The accumulation of As by
both isolates was iahibited by iacreasiag
orthoph~phate coaceatratious. The V isolate
had slightly lower Kb values than did the HW
isolate. Iac:reasiDg disso1\'ed arsenate concea-
trations in the media did not result in a
corresponding increase in biologically sorbed As
(note in table D-8 that the Kb values significantly
decreased at higher disso1\'ed As concentrations).

'B'W" solute per F" dry tissue) with 95-pe1ttnt
periphyton species collected from lour sites aJOtig

Date (montb/daY/year)

7n-10/87 8/19-26/87 9/16-28/875/27-2&187

1,931 :!: SO
1,991 :!: 83

1,933 :!: SO
2,(9} :t; 112

2,117 :t; 94

2,184%95

1,633 % 33
1,866 % 9

1,884 % 43

2,180 % S2

1,~ % 18
2,030 % 49

1,819 :t 31
1,971 :t 8

1,700 % 22
1,751 % 14

2,151 :t; 15
2,479 :t; 39

2,051 % 45
. 2,3CX) % 8

.

2,3S8 % 91

-2,- % 16

2,317.%18
2,35'2.%23

2,418 % 24
2,572%42

.



Table D-8. --Re.fUIt.r from Czptrimmu aGminiIII8I'Je
from th4 H MdWGt8 siU (Hw; low (Ius thQII 0. J ~
Vale site ~ elnGted (approximDteiy Jm~)

[Uptake rate constants (A.b, in reciprocal hours) and
solute per gram algae to miaomolcs solute per gr
reOed the multivariate regressioa from a 31 full fad
0.5, 1.0, 2.0, 4.0, 8.0 and 24.0 hours after m~"'tioa.
for a fit of the kinetic data to a first order model (D
are provided in the text)

Treatment~ TraR-~rt ~r.~e1oi.ri-

'Mi~nmnlar ~Iute added)

As P Ab Kb ~

HW i~Lates

0.5
.5
.5

1.0
1.0
1.0

V isolate

.5

.5
5

1.0
1.0
1.0

DISCUSSION

Inhibition of As uptake with increasing
dissolved orthophosphate concentrations that
was observed for the freshwater diatom A.
millud.r.r;m. is aD iDterestiDg. but not surprisiaa
oWen-aticm. Preferential uptake of P aver As
previously has been reported for chloropb:ytQ
(Kuwahara aDd others, 1988) aod for IDariDe
diatoms (Morris and McCartDCY. 1984). In
coattut. Button aDd ~ (1973) found that the
~ ~ 1IIbr8 sorbed P IDd AI iDd8-
ai-!DiDa!e-Iy. AItbouab the exclusion ~J

r wsm«c ~ by AchIIatha minuti.s.rimG ilo/Qte,f
miCImtoI41') di.uol'Jled anenic ~) GIld the abow
1oIm') dissoMd arseaic exposure)

I and accumu1atioa fadon (Kb, ratio of raiaomolea
)Cr gram media). CoDfideoce intervals (9S perceDt)
tl1 factorial dcsip (D - 3) sampled at ela~ times of
_boa. The coefficients of detenninaL~ (,:2) are ~
lei (Dixon, 1985). Details of the experimental dcsip

0.73 ~ o.~
.S6 ~ .~
.94 ~ .13

1.~ ~ .11
1.37 % .22
1.77% .17

1,790 ~ 70
~~~

~~SO
~~~
~~30
SOO~30

0.0
oS

1.0
.0
oS

1.0

0.96
.92

.92

.96

.~

.84

1,750 % 30

1.240%30
~%30

.0

.s
1.0
.0
.s

1.0

.99

.~

.99

.~

.94

.97

.02

.~

.07

.~

.11

.19

.39%

.48 :t

.51:t

.74%

.81 %
1.09 :t

870%30
630%30
SOO%W

for the test algae reported on here hu not been
identified, uptake results from the HW site isolate
sugest that the m~~h.ni.- is not ~uired by
prolonged AI ~.

tbMA.

. S~ttMV
£rated IkJW8I' Aa
HW""~

~..

isolate coDiiateDdy d~1Ua1ed
~kiDeticlthaadidtMHW.<8erv.x- ~~ . ~~~ ~ ..



celli e..~ to elevated aDd OuctuatiDg dissoIwd
AsCOD~tratiODa.

Increasmg algal abund,ance with distance
downstream may be attributed to inputs of
macronutrients from the water-treatMent-plant
effluent, ground-water inputs, and irrigation
runoff &om fenilized land. In addition, tempera-
ture effcdS on aJga1 growth rates may contnoute
to the downstream increase in a1ga1 abundance
(table D-6). At the SH site, decreased abundance
may be caused by scarcity of farm substrate needed
to establish a deDSe a1ga1 community. VISibly high
turbidity also may hinder photosynthetic activity
at this site. Although periphyton growth was
patchy, especially at the SH site, replicate
ash-free, dry-weight measurements indicated
similar biomass concentrations within the

patches.
Elevated AI values, particululy at the V aDd

SH sites in August and September 1987, suggest
an adverse change in the condition of the
periphyton community. Senescence of periphytic
tissue was visibly evident in these samples and

probably represents typical growth progression
within these mats. It is interesting to note that the
elevated AI observed in August 1986, at the STP
site (Kuwabara and others, 1988) was not
observed in 1987, probably because of a shift in
community structure of periphyton at the STP site
in 1987 to include new groWth of Z. pG/wtris and
various filamentous chJorophytes.

It is clear from these studies that algal isolates
from Whitewood Creek have the ability to take up
orthophosphate over arsenate preferentially.
Given the As transport characteristics reported
here for A. minutissima, the rapid growth of
periphytoD biomass between late May and July at
the V and SH sites represents both a rapid aDd
significant accwnulation of As (table D- 7) within

this single biological component. Furthennore,A..
minutissimD, which wu exposed to elevated con-
centrations of dissolved As, seems to be able to
slow down the kinetics of cellular As uptake. In
view of the atxJ\oe observatioas, the limitatiODl of
these results ue equally clear. The trends in the
transport characteristics presented above po8e a
Dumber of arlA..JLion-w complex questions related
to the modeling of periphytOll effects on stream
transpon of As: (1) What causes large annual

variations ia community structure of the type seeD
be~D 1- aDd 1987 samples? (2) How do
solute SOrptiOD pr~-~ differ be~D the aJpe
aDd submerged maaopb)1es seen in abundance
ia 1987? (3) How does the state of the periph)1OD
affect As uptake aDd accumulation (that is, what
other physical aDd chemical perturbaliODS that
account for changes in observed autotrophic
iadices, ia addition to elevated orthophosphate
concentrations, affect As uptake)? (4) How JoDI
does it take for periph)ton species to adapt to
ambient As concentrations by way of chaDging
uptake characteristics?
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