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Periphytic biofilm diatom communities are suitable indicators for the bioassay
of elevated levels of metals in contaminated river water.

Abstract

In a metal-polluted stream in the Riou Mort watershed in SW France, periphytic biofilm was analyzed for diatom cell densities and taxo-
nomic composition, dry weight and metal bio-accumulation (cadmium and zinc). Periphytic diatom communities were affected by the metal
but displayed induced tolerance, seen through structural impact (dominance of small, adnate species) as well as morphological abnormalities
particularly in the genera Ulnaria and Fragilaria. Species assemblages were characterized by taxa known to occur in metal-polluted environ-
ments, and shifts in the community structure expressed seasonal patterns: high numbers of Eolimna minima, Nitzschia palea and Pinnularia
parvulissima were recorded in Summer and Autumn, whereas the species Surirella brebissonii, Achnanthidium minutissimum, Navicula lanceo-
lata and Surirella angusta were dominant in Winter and Spring. Commonly used indices such as the Shannon diversity index and Specific
Pollution Sensitivity Index reflected the level of pollution and suggest seasonal periodicity, the lowest diversities being observed in Summer.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction Observation Network (RNO), i.e. it is forbidden to harvest
oysters for consumption, production or purification. The larg-
The Gironde estuary exhibits polymetallic pollution which est source of cadmium is located in the former zinc ore treat-
has notable consequences on the biota in the coastal zone; the ment area of Decazeville, in the Riou Mort watershed, a small
estuary has been classified as “zone D by the National tributary of the Lot River (Boutier et al., 1989; Latouche,
1992). Although metal emissions in the source zones have
—_— . ) ) » clearly decreased during the last two decades (Audry et al.,
* Corresponding author. Unité de Recherche Réseaux, Epuration et Qualité 2004), Zn and Cd concentrations in water and suspended par-
des Eaux REQE, Cemagref, 50 avenue de Verdun, F-33612 Cestas Cedex, ’
France. Tel.: +33 (0)5 57 89 09 90; fax: +33 (0)5 57 89 08 01. ticulate matter (SPM) still are high (Coynel, 2005). Moreover,
E-mail address: soizic.morin@bordeaux.cemagref.fr (S. Morin). decreasing acceptable threshold concentrations for seafood
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(e.g. Cd: <5 pug g~ ', dry weight; European Community, 2002)
and the historically high levels of metal in the Lot River
sediments (Audry et al., 2004), strengthen the potential
socio-economic impact of the Cd pollution, (e.g. for oyster
production at Marennes-Oléron, ~ 30 km north of the mouth
of the Gironde estuary).

Biomonitoring is a powerful tool for assessing aquatic eco-
system health further to physical and chemical analyses. It in-
volves organisms that are likely to reveal the environmental
changes brought about by natural and anthropogenic phenom-
ena. In freshwater environments, periphytic algal assemblages
are the main primary producers. As they are composed of
a large number of species with various ecological preferences
(Lange-Bertalot, 1979; Steinberg and Schiefele, 1988; van
Dam et al., 1994), and due to their position in the foodweb
and their short life cycle, they are powerful ecological indica-
tors. However, few field studies have been carried out to char-
acterize the alterations occurring in periphytic communities
owing to long-term metal contamination. Most of the surveys
performed one to four samplings per year (Foster, 1982;
Lindstrgm and Rgrslett, 1991; McFarland et al., 1997; Hill
et al., 2000a; Sabater, 2000), but studies on periphyton based
on monthly sampling frequencies are rare (Takamura et al.,
1990; Nakanishi et al., 2004). In the present study, a long-
term geochemical and diatom survey was conducted from
April 2004 to March 2005 at a highly metal-polluted site on
the Riou Mort River. Our approach aimed to relate benthic
community structure to metal exposure. Cadmium and zinc
concentrations were measured in water, suspended particulate
matter (SPM) and in the biofilm to characterize the geochem-
ical behaviour of Cd and Zn and their impact on bioaccumu-
lation kinetics. Benthic communities are described through
diatom assemblages, applying the Specific Pollution Sensitiv-
ity Index (SPI; Coste in Cemagref, 1982) commonly used for

routine biomonitoring in France. The taxonomic composition
of the assemblages, commonly used indices (SPI, Shannon in-
dex) and the frequency of morphological aberrations occurring
in some diatom species were determined and are discussed as
a response to metal contamination.

2. Material and methods
2.1. Study site

The Riou Mort River (watershed area: 155 km?) drains the Decazeville area
known for polymetallic pollution due to former open-cast coal mining and Zn
ore treatment. The mean annual discharge of the Riou Mort River at the studied
site, Joanis, was ~ 1.9 ms~! during 2000—2003 and ~0.98 m3s™! during the
study period (March 2004 to March 2005, data from the Diren: French regional
environment department).

The experimental site on the Riou Mort River, which is located close to the
outlet of the watershed and downstream from the former ore treatment site
(Fig. 1), receives cadmium- and zinc-enriched water from this pollutant source
(Boutier et al., 1989; Latouche, 1992).

A site, located a few kilometres upstream of the Riou Mort confluence but
just downstream of the Decazeville agglomeration, was used as a “metal-free”
reference when needed for data interpretation.

2.2. Sampling and sample analyses

2.2.1. Stream water physicochemical parameters

Temperature, pH, conductivity and dissolved oxygen were measured in the
river every 24 days (WTW, Weilheim, Germany) during the 13-month exper-
imental period (March 2004 to March 2005).

Two-litre stream water samples were simultaneously collected and brought
back to the laboratory for nutrient measurements. Phosphate, silica, ammo-
nium, nitrite and nitrate concentrations were determined according to French
and international standards (NF T90-023, NF T90-007, NF EN ISO 11732 and
NF EN ISO 13395, respectively).

Water and SPM for trace metal analysis were sampled every 24 days using
clean techniques. All materials in contact with the water samples were made of
polypropylene (PP), carefully decontaminated as previously detailed in Audry
et al. (2004). The dissolved phase was sampled using an acid pre-cleaned PP
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Fig. 1. Map of the Lot—Garonne fluvial system and location of the study site (shaded circle).
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bottle (1 L), previously rinsed with the river water from the site. Water samples
were filtered immediately through 0.2 um Nucleopore® polycarbonate filters
in a glove box (laboratory van). Filtrates were collected in an acid-washed
PP bottle after thoroughly rinsing it with an aliquot of the filtrate, acidified
(0.1% ultrapure HNO;, Merck, Darmstadt, Germany) and stored in the dark
at 4 °C until analysis (Blanc et al., 1999).

Particulate matter for trace element analyses was retrieved by pumping up
to 200 L of river water (1 m from the bank at 0.3 m depth) using an all PP-
pump with PP-tubing followed by centrifugation (Westfalia, Oelde, Germany;
12,000 x g). This technique is considered a practicable and reliable method
for SPM sampling in all hydrological situations (Lapaquellerie et al., 1996;
Schifer and Blanc, 2002).

Daily cumulative 1-litre samples of river water consisting of 8 subsam-
ples taken at regular time intervals (every 3 h) were obtained using an auto-
mated sampling system (Sigma 900P, American Sigma, Hach, Loveland,
CO). The samples were recovered every 24 days and filtered through
preweighed 0.7 um glass fibre filters (Whatman GF/F) to obtain daily SPM
concentrations (Schifer et al., 2002; Coynel et al., 2004). During low and/
or stable hydrological conditions, water aliquots and SPM of up to six daily
samples were then cumulated and were considered representative of up to
a six-day period whereas samples representing particular hydrological events
(e.g. floods, high SPM concentrations) were analyzed separately. Cumulative
or isolated samples were filtered in the laboratory using 0.2 pm Sartorius®
polycarbonate filters. Filtrates were collected in 60 cc polypropylene bottles,
previously decontaminated and thoroughly rinsed with the filtrate, acidified
(HNOj3 ultrapure grade; 1:1000) and stored at 4 °C until analysis (Schéfer
et al., 2002).

Representative sub-samples (30 mg of dry, powdered and homogenized
material) were digested in closed Teflon reactors (Savillex®) using 750 pl
HCI1 (12 M, suprapur), 250 ul HNOj (14 M, suprapur) and 2 ml HF (22 M,
suprapur). The reactors were then heated to 110 °C for 2 h. After complete
cooling, the solutions were evaporated to dryness and then brought to 10 ml
using 150 pul HNO; (suprapur) and ultrapure (Milli-Q®) water (Blanc et al.,
1999; Audry et al., 2005).

Dissolved and particulate metals were measured using ICP-MS (X7,
Thermo) with external calibration. Indium was used as internal standard and
after each batch of five samples, a calibration blank and one calibration stan-
dard were measured to check potential sensitivity variations or memory ef-
fects. The analytical methods employed were continuously quality checked
by analysis of certified reference sediments (PACS-1, BCR 320, SL-1) and
river waters (SLRS-3, SLRS-4). Accuracy was within 5% of the certified
values and the analytical error (relative standard deviation) was generally bet-
ter than 5% for concentrations ten times higher than detection limits.

2.2.2. Biofilm characteristics

Biofilms were grown on glass slides (total surface area reaching 300 cm?)
used as artificial substrates (Fig. 2). After a 24-day immersion, the slides were
removed from the water and scraped into a standardized volume of 200 ml
mineral water. Three replicate samples per sampling date were collected and
separated into aliquots.

Another aliquot of 20 ml was used for particulate matter analysis: biofilm
dry weights (DW) were determined following the European standard NF EN
872. After filtration through pre-weighed glass fibre filters (Sartorius, Gottin-
gen, Germany), samples were dried at 105 °C for 1 h. The amount of material
retained (i.e. biofilm DW, as expressed in mg cm ™2 glass substrate) was deter-
mined by re-weighing.

Aliquots of 20 ml were used for metal measurements (cadmium and zinc).
Periphyton samples were filtered with an aspiration pump, through a pre-
weighed metal-free filter paper (0.45 pm membrane, Millipore) to obtain the
dry weight (DW) of each sample, after drying at 60 °C for 48 h in incubation
tubes. Then, the filters were digested using nitric acid (3 ml of 65%HNO3) in
a pressurized container at 100 °C for 3 h (hot block CAL 3300, Environmental
Express, USA). Digestates were then diluted with ultra-pure water (Milli Q,
Bedford, MA, USA), and Cd and Zn concentrations measured by flame atomic
absorption spectrometry (Varian AA20), with a detection limit of 15 pg
CdL™" and 10 ug ZnL~". The validity of the method was checked periodi-
cally by parallel analysis of certified biological reference materials (Tort 2:
lobster hepatopancreas and Dolt 2: dogfish liver from NRCC-CNRC, Ottawa,

¥ ]
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Fig. 2. Artificial substrates used for algal attachment.

Canada). Reference samples were measured in triplicate. Values for Cd and Zn
were consistently within the certified ranges for each metal and each standard
reference (data not shown).

The primary algal colonizers are frequently diatoms, for this reason only
this particular phylum was studied: 5 ml were finally preserved in a formalin
solution for quantitative counting and diatom identifications to the species
level. Enumeration was done in each ““fixed” sample using a Nageotte count-
ing chamber: the total number of cells counted in 10 fields (1.25 pl each,
0.5 mm depth) using light microscopy at 400x magnification (photomicro-
scope Leica DMRB, Wetzlar, Germany) was then recorded as cells per unit
area of sampled substrate (number of diatom cells cm 2. Subsamples were
also assigned to taxonomic analysis of diatom assemblages, they were pre-
pared according to ANSP (Academy of Natural Sciences of Philadelphia) pro-
tocols (Charles et al., 2002), i.e. digestion in boiling hydrogen peroxide (30%
H,0,) and hydrochloric acid (35%) followed by three cycles of centrifugation
of the sample and pellet rinsing with distilled water. After the last treatment,
the pellet was once again resuspended in distilled water, and this solution was
pipetted onto coverslips which were mounted onto slides after air drying, using
the high refractive index (1.74) medium Naphrax (Brunel Microscopes Ltd,
UK). Diatom counts were conducted at a magnification of 1000x; individual
fields were scanned until at least 400 valves had been identified using
taxonomic literature from central Europe (Krammer and Lange-Bertalot,
1986—1991) from which theoretical biovolumes of each species were also ex-
tracted. Diatom species diversity was calculated using the Shannon index
H' = — Zpjlogyp; (where p;: relative abundances of species i; Shannon and
Weaver, 1949). Individual deformities (cells with abnormal general shape
and/or diatoms with deformed valve wall ornamentation) were observed and
their frequency determined.

2.2.3. Statistical analyses

Major differences in physicochemical parameters between sampling dates
were investigated using Principal Components Analysis (PCA) performed with
PC-ORD software (McCune and Mefford, 1999). Accumulation rates of
metals in the biofilm as well as correlations between DW and diatom densities
were determined by linear regression on the raw data set and tested for statis-
tical significance. Regression least-squares assumptions (homoscedasticity and
normality of the error term) were checked using the residual term (Levene test
and Chi® and Kolmogorov—Smirnov goodness-of-fit tests). Commonly used
indices (SPI, Shannon index) were calculated using Omnidia software
(Lecointe et al., 1993). Statistical significance of metal contents in biofilm
and particulate matter was examined using analysis of variance. For all statis-
tical results, a probability of p < 0.05 was considered significant. Values are
means =+ standard error (SE).

Please cite this article in press as: Morin, S. et al., Long-term survey of heavy-metal pollution, biofilm contamination and diatom community structure in the
Riou Mort watershed, South-West France, Environ. Pollut. (2007), doi:10.1016/j.envpol.2007.04.023

286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342



343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
371
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399

4 S. Morin et al. | Environmental Pollution xx (2007) 1—11

3. Results S |sgngiicfiozzes
A FEAD A~ =< DX
. o . S HHHHHHHHHHHAHH
3.1. Field colonization conditions g Zle22298888888¢S
S E|ldXTON IO AT T O
[a¥EN=3 —_ o N o
3.1.1. Physical and chemical characteristics -
The sampling site is next to a permanent station of the regional D - o - e
. . . . TA~A[mFtT O —00F =00~ 0O
environment department (Diren), measuring water levels for dis- ET lHHHHHHHH A HHA
charge observation. The hydrological evaluation of the study pe- % §3 ERS8838848z888
riod is based on the data available at http://hydro.rnde.tm.fr/. /= o aaaas
The mean water discharge for this period was 1.5 2.0 m’ s, 3
and the study period is quite representative of the situation ob- go|lalegrnesanags
served for several years. Typical, short flood events occurred g HHHHAHHHHHAHH
. . . 3 1. . Z T oS grenag e oy
in winter, when discharge reached 54 m” s~ in mid-March. g E IEIEZRARAaRYAaAR
The physical and chemical parameters measured in the
sampled waters are shown in Table 1. ﬁTA NN OOy 0O WS 0 0
During this study, water had a uniform pH (around 2w IR N AT
7.7 £ 0.3) and silica levels were found at concentrations suffi- é 5 >3 ; ;; E} 2 E § g 5 E % ;
cient for diatom development (Paasche, 1980). Temperature
showed strong seasonal variations, ranging from about 5 °C £~
in March to almost 25 °C in July. Accordingly, the dissolved £ N‘m
oxygen level was minimal during the summer. Nutrient values RE|ZTGZ2zs2s35zs8238E
differed greatly among sampling dates. Located downstream ~
of the urban area of Decazeville, the Joanis site is strongly im- N
pacted by quite high levels of organic and domestic contami- = 23S ; pt g o E RS I g
nation (Lemaire et al., 2006): orthophosphates as well as high
levels of ionic forms of nitrogen (nitrates, nitrites and ammo- T:
nia; Table 1). Average conductivity values were quite high SElemwoamEnoncna
(1130 £ 320 puS cmfl) during almost the whole observation Aoleeoa~ada—~add——09
period and drastically decreased to 414 uS cm™' in May, cor- =
responding to a short flood event (2.3 m® s~'). The relatively +2 :
high conductivity on 3 March 2005, during moderately high ZE2g2x22:59225d93
discharge cannot be explained by the measured parameters, ~ .
but may be attributed to wastewater treatment (e.g. pH adjust- N b
ment) on the mining site (Audry et al., 2006). ) gltamncmne Evaany 2|z
Zvooo—o-—:v—ﬁ—oooaé
3.1.2. Dissolved and particulate metal concentrations o T: 2
. 3 . < °
The average dissolved Cd and Zn concentrations in the sam- Tlgwmlennooma gt —nnlg
~ i i glZE|wor8TRaesrAd=Eg|<
ples obtained every 24 days and filtered immediately after sam- =1 P
pling ranged from 5.2t049.2 ug L™ ' (average 26.2 pg L") and E|ls g
from 259 to 2965 ug L' (average 1458 pg L"), respectively g % S
(Table 1). The dissolved Cd and Zn concentrations measured § % _ 2
in samples retrieved by the automatic sampling system and fil- ol 2 3
b . . S @ 3 =%
tered after several days of storage in the sampling containers ZlEBmawEEnomaova vy
1 ) 2| R E|x 6B £ < 0 ™~ [N N =
ranged from 0.223 to 54.3 ng L™ (average 22.2 ug L™ ') and £ 5
from 28.0 to 3490 pg L' (average 1280 ug L™'; data not 1§ é’,\ 5
shown), respectively. Average particulate metal concentrations é § s 4
in SPM sampled manually and automatically ranged from 170 2|2 ;’__3 EI2828885¢8¢8|s
to 1160 mg kg™' (average 560 mgkg ') for Cd and from i - T 73
4750 to 26,540 mg kg~' (average 13,120 mgkg™") for Zn. g 2 g
No clear differences in particulate metal concentrations ob- g g £
tained from the two sample types were observed. % g glxaneaanans 5
fleg|=22d8azT T e é
3.1.3. Seasonal variability Elr |dxamnmnoxeoxeo|E
We applied the PCA method to a data matrix of 13 months N e R
observed on 1.4 variables. These; presentations based on stream _ g E‘J 3333333333888 g
physicochemical parameters (Fig. 3) revealed great differences 2z 8422858883288 =
- . SS 35| T eSS =qA=qa |2
between four groups of sampling dates and underlined the ERlngS|Id88c83====3553I=

Please cite this article in press as: Morin, S. et al., Long-term survey of heavy-metal pollution, biofilm contamination and diatom community structure in the
Riou Mort watershed, South-West France, Environ. Pollut. (2007), doi:10.1016/j.envpol.2007.04.023

400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456


http://hydro.rnde.tm.fr/

457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513

S. Morin et al. | Environmental Pollution xx (2007) 1—11 5

Discharge
-

Axis 1 (46.56%)

<
o
<
=
:Femperature (‘\l’
[Cd]part )
* , [Zn]part . :E
i
+P—PO4 . pH
Zn]dis ..
+[ +][Cd]dis +Conduc ivity
.
N-NO2 Turbidity
+
. N-NO3
+
N-NH4 4

Axis 2 (17.03 %)

5/04

06/02/04

02

+

05/13/04

04/15/04

Axis 1 (46.56%)

09/07/04

11724004 1022700

03/03/05

01/11/05
02/02/05

Fig. 3. Principal Components Analysis (PCA) of physicochemical stream characteristics. The explained variance for each axis is presented in brackets.

seasonal gradient. The results of this analysis showed that the
first two principal components mainly account for more than
60% of the total variability. For this reason, due to the number
of variables, the projection in a plane spanned by the first two
principal components explains the structure of the data with
a good clarification power. It is worth noting that the same ten-
dencies were observed in planes 1—3.

Axis 1 separated Winter and Spring samples on the right-
half plane (positive values) and Summer and Autumn water
on the left-half plane (negative values). Separation along
Axis 2 expressed the differences between water collected in
Spring and Summer on the one hand, and those sampled in
Autumn and Winter on the other hand. PCA discriminated
sampling dates according to the most important seasonal char-
acteristics. Summer samples were correlated with high tem-
peratures and strong particulate metal contamination levels
while Winter samples were characterized by low temperatures
and the highest dissolved oxygen concentrations as well as el-
evated turbidity. Autumn samples exhibited the highest levels
of dissolved metals and nutrients, with nitrate concentrations
reaching 71 mg L™" in September 2004 (Table 1).

3.2. Biofilm characteristics and structure of diatom
assemblages

3.2.1. Trace metal concentrations in the biofilm.
The concentration of the metals Cd and Zn that had accu-
mulated in biofilm are presented in Table 2. They varied

considerably throughout the study. Zn was very high in August
(23,750 + 2470 pg g~ ') whereas Cd was elevated during sum-
mer from July to August, then in October and in December.
The highest levels of Cd in biofilm were observed in August
with an average of around 1809 & 200 pug g~ '. There were
strong relationships between metal concentrations in biofilm
and those in SPM (Fig. 4). In fact, biofilm Cd and Zn concen-
trations showed significant linear regressions (Cd: R* = 0.71,
p <0.05 and Zn: R* =0.46, p < 0.05) with the respective
concentrations in SPM. In contrast, no significant correlation
was observed between dissolved metal concentrations in the
streams and its concentration in the biofilm. (Cd: R? = 0.01,
p =0.77 and Zn: R* = 0.01, p = 0.74).

3.2.2. Species composition and standing crop

The results of the quantitative measurements of periphytic
biomass, as expressed by dry weight and cell density, are
shown in Table 2. The solid inorganic material in the biofilms
represented from ~50% of the total dry weight to about 80%
in spring and autumn (data not shown). These data reveal
a consistent trend of co-variation between mean dry weights
and mean densities (R* = 0.31, p < 0.05). Average cell densi-
ties during this 13-month survey were ~ 12,200 % 2000
cells cm 2. The significant peaks that were observed for cell
densities (see Section 3.2.3) were concomitant with peaks in
biofilm dry weights and better correlated with dry weights
than the organic fraction of the biofilms and diatom densities
(R*=0.14, p = 0.17).
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Table 2

Biofilm and diatom assemblage characteristics (mean value + SE)

Sampling Dry weight Density Cd (ug g~ ' DW) Zn (ug g~ ' DW) Shannon SPI value Biovolume Deformed

date (mg cm~?) (cells cm™?) index (um3 cell™h valves (%,)
04/15/04 0.97 £0.11 13800 + 520 278 £ 34 9007 £ 274 4.63 £ 0.06 124 +0.2 894 + 65 146+74
05/13/04 2.68 +0.20 11860 + 590 170 £ 2 3958 + 41 4.57 £0.32 132+0.2 804 £6 125+ 8.1

06/02/04 0.25+0.03 11920 + 500 743 £31 19149 + 1014 4.63 +£0.11 10.5+0.2 795 £ 47 324+£8.0
07/21/04 2.72 £0.33 19870 + 390 1711 £ 65 4171 £ 181 3.51+047 92+24 612 +£52 11.8£6.8
08/17/04 0.12 +£0.01 3650 + 1550 1809 + 201 23750 + 2469 3.81+0.34 9.0+22 836+9 10.6 4.6
09/07/04 224 +£0.15 15600 + 500 143 £8 6070 + 225 4.79 £0.10 109+ 0.8 1018 +£ 17 6.1 +2.6
10/06/04 0.36 + 0.00 14380 £ 750 1062 + 542 19166 + 70 4.15+ 041 7.8 £2.0 766 £ 70 37+£0.8
10/27/04 3.63 £0.62 26250 + 2520 228 +4 6714 + 290 4.66 £ 0.04 102+14 1289 + 194 58+3.1

11/24/04 0.91 +£0.30 5760 + 100 180 £ 39 10062 + 379 4.27 £0.20 84+£22 1204 + 246 51+£23

12/15/04 3.73 £0.78 27450 + 1430 729 £+ 20 8446 + 108 4.57 £0.36 9.1+24 872 £ 111 7.7+33

01/11/05 0.37 £0.03 2240 + 410 399 + 89 6885 + 1235 5.17 £ 0.04 120+ 1.9 846 + 110 42+22
02/02/05 1.09 £+ 0.08 6174 £+ 340 287 £5 4239 + 67 4.96 £0.14 125+ 1.7 822 £ 115 1.8+ 1.1

03/03/05 375 +£0.28 4171 = 80 399 £2 4348 £4 5.17+£0.03 11.5£0.2 890 £ 72 9716

Diatom assemblages were characterized by an association
of Naviculaceae, Nitzschiaceae and Araphideae, the most
abundant species being Eolimna minima (Grunow) Lange-
Bertalot (16.4% of the total annual standing crop), Nitzschia
palea (Kiitzing) W. Smith (7.0%) and Pinnularia parvulissima
Krammer (6.8%). During the study, 255 species were identi-
fied; the most abundant and frequent are presented with their
individual biovolumes in Table 3. Biovolumes inferred from
individual sizes and relative abundances ranged from 800 to
more than 1000 pm? in autumn, and averaged 900 £ 55 um?’
per diatom cell (Table 2). Although the statistical correlation
is not strong (R2 =0.34, p < 0.05), there is a general trend
of negative relationships between average diatom biovolume
and Cd accumulation in the biofilms.

Various valve abnormalities affecting general cell shape
and/or valve ornamentation were observed in a total of 28
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Fig. 4. Relationships between metal concentrations in the water particulate
phase and in the biofilm.

species representing 17 genera, with frequencies reaching
3.2% in June 2004. Malformations (Fig. 5) were more often ob-
served in genera such as Ulnaria (53% of the teratologies enu-
merated), Fragilaria (23%) and some Raphids (22%) than in
others (e.g. abnormal valves of Cocconeis pediculus Ehrenberg,
C. placentula Ehrenberg and Planothidium frequentissimum
(Lange-Bertalot) Lange-Bertalot represented together less
than 2%). The closest correlations between abnormality occur-
rences and metals were observed with dissolved metals (Cd:
R*=0.28, p = 0.062 and Zn: R* = 0.28, p = 0.068).

3.2.3. Seasonal variations

Seasonal variations of the periphytic biomass and diatom
cell densities are reported in Table 2. Dry weights and cell
densities displayed a similar seasonal pattern with significant
peaks in July, September, October and December 2004.

Calculations of indices also exhibited seasonal variations.
For example, SPI values were generally from 8 to 10, except
for spring values which reached up to 13, and were correlated
with PO, and NO, measurements (POj: R*=0.42, p < 0.05
and NO,: R? = 0.38, p < 0.05). SPI values were also closely re-
lated to dissolved (Cd: R* = 0.57, p < 0.05 and Zn: R* = 0.56,
p < 0.05) and particulate (Zn: R* = 0.58, p < 0.05) metal con-
centrations. Species diversity was generally lowest in summer,
when only 40—50 taxa were enumerated. The highest Shannon
index values were observed in winter and peaked to 5.17 in
January and March 2005.

We also observed seasonal cycles of the principal species:
E. minima, N. palea, P. parvulissima and Cyclotella mene-
ghiniana Kiitzing were dominant in Summer and Autumn.
The species Surirella brebissonii Krammer & Lange-Bertalot,
Achnanthidium minutissimum (Kiitzing) Czarnecki, Navicula
lanceolata (Agardh) Ehrenberg and Surirella angusta Kiitzing
reached peak abundances in Winter and Spring.

4. Discussion
4.1. Geochemical scenario

The average dissolved metal concentrations in the cumu-
lated samples were ~30% lower than average values in the
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Table 3

Average relative abundances (R.A., %) of the most common diatom species at each sampling date
Sampling  Achnanthidium  Cyclotella Eolimna  Navicula  Navicula Nitzschia  Pinnularia Surirella  Surirella
date minutissimum meneghiniana  minima gregaria  lanceolata  palea parvulissima  angusta brebissonii

Biovolume (um?) 76 1240 88 485 1230 391 2650 1820 2650

R.A. (%) 04/15/04 4.1 0.2 35 12.7 18.0 2.3 0.0 1.0 12.4
05/13/04 6.8 0.0 3.7 20.3 15.3 1.9 0.0 0.3 3.8
06/02/04 8.7 0.2 14.7 79 10.8 6.9 0.1 1.6 35
07/21/04 0.5 18.7 36.3 2.0 1.0 9.0 4.0 0.5 0.3
08/17/04 2.0 21.3 16.4 2.4 2.4 53 8.0 0.3 0.8
09/07/04 1.0 4.0 20.8 1.0 0.7 11.9 34.7 0.1 0.7
10/06/04 1.7 10.9 20.4 22 1.2 6.3 9.3 1.0 0.6
10/27/04 1.6 6.2 15.4 0.8 1.0 13.1 18.6 1.7 0.7
11/24/04 1.2 3.0 10.0 0.6 1.4 7.1 16.0 20.9 0.3
12/15/04 6.4 3.7 14.1 23 1.0 4.8 2.7 32 0.3
01/11/05 8.4 4.1 12.4 4.0 0.9 5.6 0.5 1.6 0.7
02/02/05 5.0 3.8 7.5 7.7 1.6 3.8 0.2 6.7 1.6

manually retrieved and immediately filtered samples. This
may be partly due to sorption onto the container walls and/
or onto SPM in the samples during the storage period (up to
24 days) in the automatic sampling system. However, these
samples integrate 8 sub-samples per day over 5—6 days in-
cluding possible diurnal variations due to urban and/or indus-
trial activities in the watershed. Therefore, these samples may
be more representative of real conditions integrated by the bi-
ofilms, than the samples taken by hand during the daytime ev-
ery 24 days. However, given the generally very high dissolved
Cd and Zn concentrations compared to uncontaminated sites
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(data not shown), the differences between the freshly assayed
and 24-day sample types are irrelevant in the interpretation of
the effects.

The observed relatively high dissolved and particulate Cd
and Zn concentrations are typical for the Riou Mort River,
i.e. similar to the concentration ranges observed during our
permanent observation (since 2000) at the same site. Indeed,
these levels are 2—3 orders of magnitude higher than those
measured in the Riou Mort River tributaries (e.g. the Riou
Viou, Enne and Banel Rivers) upstream from the former min-
ing and ore treatment area (Coynel, 2005). A large part of the
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Fig. 5. Morphological variants of Fragilaria capucina var. gracilis (A) and Ulnaria ulna (B) originated from Joanis (n.f., normal forms; a.f., abnormal forms; scale
bar = 10 pum). The arrows indicate the location of valve distortion, abnormal central area location and irregular striation.
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metal load in the Riou Mort River has been attributed to sul-
phide oxidation of Zn ore treatment residues (Audry et al.,
2005). However, hydrological variations may induce complex
responses in dissolved metal concentrations due to dilution ef-
fects, leaching of diverse industrial residues and changing in-
teractions between groundwater and surface water (Coynel,
2005). During the period studied, dissolved metal concentra-
tions tended to increase with decreasing discharge. In contrast,
SPM were mainly derived from erosion processes and trans-
ported during short floods. Therefore, particulate metal con-
centrations depend on the particle type, the source and, to
a lesser extent, on sorption processes, i.e. exchanges between
the dissolved and the particulate phases (Coynel, 2005). Dur-
ing the period studied, particulate metal fluxes were relatively
low due to the atypically dry autumn and winter season 2004/
2005 (Diren; data not shown).

In the system studied, seasonal variations in dissolved and
particulate metal concentrations are generally related to hy-
drology, with higher concentrations during low discharge.
However, in polluted watersheds, short intense floods (e.g. after
rainstorms) may temporarily increase concentrations due to
leaching and erosion of waste heaps and sediments (Coynel
et al., in press a). Moreover, metal inputs from polluted ground-
water, more or less independent of discharge, may strongly
modify dissolved and, to a lesser extent, particulate metal con-
centrations in the Riou Mort River upstream from the Joanis
site (Coynel et al., in press b).

4.2. Metal bioaccumulation in biofilms

The present study shows that high levels of Cd and Zn ac-
cumulated in biofim at the Joanis station on the Riou Mort
River. High levels of metals in this area have been documented
in several studies (Andres et al., 1999; Audry et al., 2005).
This suggested that metals can be detected reliably by measur-
ing the metal content of biofilm. High levels of trace elements
are reported to accumulate in natural biofilm in acute metal
pollution conditions (Ivorra et al., 1999) and it has been sug-
gested that biofilm could serve as a biological monitor for an-
thropogenic waste (Newman et al., 1985; Hill et al., 2000b).
The metals contained in biofilm were used to provide an indi-
cation of both the biological availability of metals and their
ambient concentrations over relatively long periods (Foster,
1982; Behra et al., 2002). Our results revealed correlations be-
tween metal concentration in biofilm and SPM, especially Cd,
in contrast to several reports concluding that metal concentra-
tions in water samples reflected metal concentration in biofilm
(Ivorra et al., 1999; Behra et al., 2002). The reason may be that
the metals accumulated in biofilm are contained into two frac-
tions, i.e. the biotic (algae, bacteria) and abiotic (silt, particu-
late matter) components of the biofilm. Total metal contents as
measured in this study did not distinguish intracellular metal
and SPM entrapped in the organic matrix; however, high pos-
itive correlations were found between intracellular metal con-
tent in biofilm and the exchangeable inorganic fraction for Cd,
Cu and Zn metals (Behra et al., 2002; Holding et al., 2003).
Metal levels in periphyton were used here as an estimate of

effective metal exposure, assuming that inorganic entrapped
SPM may also become biologically available when subjected
to local environmental conditions. Accumulation of metals de-
pended on natural variation of their concentration, according
to observations made by Meylan et al. (2003). Correlation
values between metals in biofilms and in waters were lower
for dissolved than for particulate metals, but this does not
demonstrate the absence of such correlations. It is more plau-
sible that metal accumulation by the biofilms relies on both
mechanisms of dissolved and particular metal uptake. Further
studies should be performed to better understand metal accu-
mulation processes within the periphyton both in short-term
and long-term metal exposure.

4.3. Diatom community responses to
heavy metal contamination

4.3.1. Characterization of the community structure

We established that biofilm dry weights and diatom densi-
ties at Joanis were somehow correlated. This means that, in-
stead of counting the number of cells per unit area, which is
too elaborate and time consuming for routine biomonitoring
programs, further shifts in the standing crop at Joanis may
be assessed through DW measurements.

Interpretation of DW and density data in the present study is
however quite difficult, because they are highly dependent on
nutrient and toxicant concentrations as well as on natural distur-
bances. For example, high discharge may scour the substrate and
possibly lead to erroneous estimates of the number of organisms
present (Ghosh and Gaur, 1998), although our data did not reveal
any correlations between dry weights and monthly discharge nor
extreme short-term events. It cannot be excluded that the size of
the standing crop is influenced by grazing from invertebrates and
fish, which can complicate interpretation.

SPI values indicated a moderate to poor quality status of the
waters sampled. Water quality assessed by the SPI index, cor-
related to phosphorus, nitrite and metal concentrations, reflects
the nutrient contamination level rather than Cd or Zn concen-
trations, although it is also known to be sensitive to micropol-
lutants in some cases. As the calculation of this index was
originally based on datasets taking into account classical water
physicochemical parameters (e.g. nutrient concentrations, pH,
conductivity, etc.), the low values of the SPI index cannot be
considered as conclusive of metal pollution level so these
data should be given additional support. Indeed, species sensi-
tivity to metals is variable and is not necessarily correlated to
their sensitivity to organic load. In this study however, nutrient
and metal concentrations in waters varied together, which does
not allow discrimination of independent effects between or-
ganic and metallic contaminations.

According to species richness or Shannon index values, the
best time for sampling diatoms is Summer, as Winter samples
as well as those collected in Spring and Autumn may contain
too many species with less defined dominance (John, 2000).
Micropollutant alterations are probably best estimated in Sum-
mer i.e. under extreme conditions, typically exhibiting the
lowest discharges and highest metal concentrations.
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Low average biovolume expressed the dominance of species
like E. minima or A. minutissimum, suggesting competitive ex-
clusion mechanisms (see Section 4.3.2). Although several au-
thors have reported such small, adnate species to present the
highest abundances in metal-polluted environments (Medley
and Clements, 1998; Cattaneo et al., 2004), very few studies
have attempted to link community biovolume to metal contam-
ination. Size reduction of the global community (compared to
the non-exposed communities found upstream; Morin and
Coste, 2006) cannot here be unequivocally ascribed to Cd or
Zn, but depended on metal enrichment and appeared to be an
excellent specific indicator of metal contamination, more com-
patible with routine biomonitoring than measurements of indi-
viduals, which necessitates an additional counting effort.

4.3.2. Sensitivities of algal species

The majority of the commonly occurring species in the
Riou Mort River are quite cosmopolitan in distribution and
their ecological preferences in this study were consistent
with those described in the literature. Indeed, most of them
had already been recorded in metal-contaminated sites. Jac-
card similarity indices between the impacted site and the up-
stream site (ranging from 0.44 to 0.65) underlined the fact
that many species found at Joanis were not recorded upstream.
Joanis individuals came from the same available pool of spe-
cies as upstream; however only some of them were able to
grow. For instance, high relative abundances of E. minima
(in July 2004 this species represented around 50% of the total
community) were in accordance with several indications of its
tolerance to heavy metals found in the literature (Peres et al.,
1997; Gold, 2002; Feurtet-Mazel et al., 2003; Szabo et al.,
2005). This study also confirmed the resistance of N. lanceo-
lata (Szabd et al., 2005), N. palea (Peres et al., 1997; Medley
and Clements, 1998; Lai et al., 2003; Whitton, 2003) as well
as S. angusta (Takamura et al., 1989; Gold, 2002; Feurtet-
Mazel et al., 2003). The species P. parvulissima, which repre-
sented less than 0.2% relative abundances upstream, was
found to be tolerant to heavy metals. Many studies have al-
ready revealed the presence of the genus Pinnularia (Admiraal
et al., 1999; Gold, 2002; Hirst et al., 2002) exposed to metal
contamination. The status of A. minutissimum is still a matter
of debate, Sabater (2000) and Blanck et al. (2003) report that it
is quite sensitive to metal exposure, while many authors have
found this species tolerant to heavy metals (Ivorra et al., 2000;
Gold et al., 2002; Feurtet-Mazel et al., 2003; Nunes et al.,
2003; Cattaneo et al., 2004; Guasch et al., 2004; Nakanishi
et al., 2004; Szabd et al., 2005). It has also been shown that
small species tightly attached to the substrate like A. minutis-
simum are more likely to survive under metal stress, as they
are embedded in an organic matrix acting like a boundary to-
wards metal toxicity (Burkolder et al., 1990). On the contrary,
the ability of filamentous or motile diatoms to extend beyond
the boundary layer would probably make them more vulnera-
ble to toxicants.

The presence of C. meneghiniana in Summer and Autumn
was quite surprising, since species from the genus Cyclotella
have been described as metal-sensitive by several authors

(Ruggiu et al., 1998; Shehata et al., 1999; van Dam and Mert-
ens, 1990); it was probably linked to high nutrient availability
at this period, which favoured this species’ development. The
presence of metals probably created an environmental compet-
itive exclusion scenario where competition between metal-
tolerant species and cells from various positions in the biofilm
matrix, combined with other environmental conditions (organic
enrichment), determined the ultimate community structure.
Although most of the taxa recorded here are found in uncontam-
inated sites as well, their joint presence and co-dominance may
be considered as an indicator of metal pollution.

4.3.3. Utility of valve abnormalities
in biomonitoring studies

Many deformed valves were evidenced during this study.
The most difficult types of abnormalities to assess were those
involving changes in the sculpting of the valve surface, partic-
ularly in small diatom species. This may be attributed to the
limited resolution of the photomicroscopes used here, but
may also signify that small species are less susceptible to mor-
phological deformations.

Work on the valve abnormalities has established that both
the incidence of abnormal light or the concentration of salts
in the growth medium can produce teratological results, which
appear identical to metal-induced deformations to the ob-
server. However, several observations have reported extreme
changes in valve morphology associated with heavy metal pol-
lution in freshwater environments (e.g. Yang and Duthie,
1993; McFarland et al.,, 1997; Peres, 2000; Nunes et al.,
2003; Szabé et al., 2005; Morin et al., 2007), in seawater
(Thomas et al., 1980; Dickman, 1998) and in sediment cores
(Ruggiu et al., 1998; Cattaneo et al., 2004). In our case, the
deformities were thought to be related to the acute toxicity
of Cd and Zn, the amounts of abnormal diatoms being signif-
icantly higher than the ‘“background levels” of deformities
found in the upstream Riou Mort site (less than 0.5%). Dick-
man (1998) and Stevenson and Bahls (1999) have suggested
that morphological aberrations are good indicators of heavy
metal contamination. Here, we quantified many abnormal dia-
toms, but there are two major limitations for their use in rou-
tine biomonitoring. Firstly, the observation and enumeration of
abnormal valves assumes a good knowledge of diatom taxon-
omy and hence requires experienced operators. Secondly, de-
formed cells are found in very low abundances, suggesting that
a better estimate would be obtained by increasing the counting
effort and by performing abnormality enumerations separately
from the taxonomic identifications. This study demonstrates
that the rarely reported effects of heavy metals on the mor-
phology of diatoms need to be studied more thoroughly and
that diatom morphology may provide an efficient indicator.

5. Conclusions

This multidisciplinary study has provided an accurate char-
acterization of the environmental conditions of Joanis waters.
It has also shown the general relationship between metal con-
tamination in water and in biofilms at this site and confirmed
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the tolerance to heavy metals of several periphytic species.
The distribution patterns of the diatoms are influenced by
metal contamination at the Joanis site: under metal stress, di-
atom communities are dominated by small adnate species and
exhibit anomalous proportions of deformed individuals, pro-
viding a foundation for periphyton-based assessment of metal
pollution. Even though the techniques proposed are less
straightforward than robust chemical methods, substantial ev-
idence has been gathered to justify the use of biofilms, and
particularly diatoms, as rapid and integrative (over time) indi-
cators of heavy metal contamination.
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