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Abstract — Eutrophication in the Mondego estuary gave rise to qualitative changes in the benthic community, involving the replacement of
eelgrassZostera noltij by green algae such &nteromorphaspp. andJlva sp. It seems reasonable to assume that, through time, such changes
may determine a selected new trophic structhiyedrobia ulvag a dominant species in terms of abundance and biomass, was studied with regard

to life history, population dynamics and productivity in relation to changing environmental conditions along the eutrophication gradient. The
purpose was to examine to what extent this species may adapt to the new emergent conditions. During the stubly plraegopulation

exhibited both temporal and spatial density variations. The settlement pattern did not change along the eutrophication gradient, and took place
in March, June, July and September. However, the population was denser in the less eutrophied areas, correspamalitigrteadows, when
compared to the eutrophied ones, whErgeromorphaspp. blooms are usually observed. Growth was continuous through life but growth rates
were higher during spring, decreased from early summer to mid fall and practically ceased during winter, and then gradually increased again
up to spring. Life span was estimated as+23 months. Growth productivity (P) was estimated as 93.7 g ARDWfjear? in the Z. noltii

meadows, 15.2 g AFDEh—2year?® in the eutrophied area, and 30.3 g AFMv2year® in the strongly eutrophied area. Elimination
productivity (E) was estimated as 30.0 g AFDW2year? in the Z. noltii meadows, 51.8 g AFD\Eh—2year? in the eutrophied area, and

97.5 g AFDWM2year® in the strongly eutrophied area. The average annual biorBgstanding stock) of the population was estimated as

70.2 g AFDWM in the Z. noltii meadows, 5.5 g AFDVEh— in the eutrophied area, and 7.4 g AFIDW? in the strongly eutrophied area.

PB and EB ratios were estimated as 1.3 and 4.8 in Zheoltii meadows, 2.8 and 9.5 in the eutrophied area, and 4.5 and 13.2 in the strongly
eutrophied area, respectively. As a pattern, the standing stock decreased as a function of increasing eutrophicatid,antiEBfatios

increased following the same gradient. There is evidenceHhalvae population structure and annual production are seriously affected by
eutrophication, namely by macroalgal bloom dynamics. Moreover, results suggekt thigae might be suffering a change in its adaptive
strategy along the eutrophication gradient, becoming closer to a typical ‘r' strategist in the strongly eutrophied areas. © 1999 Editions
scientifiques et médicales Elsevier SAS
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1. INTRODUCTION Benthic eutrophication has been giving rise to
gualitative changes in the Mondego estuary benthic
The Mondego river drains a hydrological basin of community, involving the replacement of eelgrass,
about 6 670 ki The river estuary is the location of Zostera noltij by green algae such &nteromorpha
the Figueira da Foz mercantile harbour, which has aspp. andUlva sp. while an eutrophication gradient is
considerable regional importance. In addition, this clearly recognisable along the south arm of the estuary
estuary supports several industries, many salt-works(see study site). It seems reasonable to assume that
and aquaculture farms, and also receives the nutrientsuch modifications will be followed by changes in the
and chemical discharge from agricultural areas of the species composition and trophic structure at other
lower Mondego river valley. As a whole, the estuary is levels (e.g. macrofauna composition). Through time,
under severe environmental stress, namely an ongoingsuch changes may determine a selected new trophic
eutrophication process [18, 26, 29, 30, 32, 39, 40, 41]. structure [32, 40].
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This process has been monitored during the lastis faster in the northern arm, causing large daily
decade, and a number of studies were carried out onsalinity fluctuations, while daily temperature changes

the benthic communities [5, 9, 26, 28, 29, 30, 31, 32,
33, 39, 40, 41], in whicliHydrobia ulvaewas identified
as a dominant species #h noltii meadows, exhibiting

a stable population and significant biomass all year.

are more pronounced in the southern arm [28].
Although, a large part of the southern arm intertidal

area still remains more or less unchanged, exhibiting

sand muddy bottoms covered I8partina maritima

Moreover, this species was found along the eutrophi- marshes [27] andostera noltimeadows, macroalgal
cation gradient, up to the inner areas of the estuary,Plooms of Enteromorphaspp. have been regularly

showing a clear dependence on the occurrence o
green macroalgae. Therefore, it was important to study

the life history, population dynamics and production of
H. ulvaein relation to changing environmental condi-

tions along the eutrophication gradient. The purpose
was to determine to what extent this species may adap

fobserved during the last 15 years. This is probably a

result of excessive nutrient release into the estuary,
coupled with longer persistence of nutrients (nitrogen
and phosphorous) in the water column [18, 26, 32, 40].
Such macroalgal blooms may not occur in exception-
ally rainy years due to the occurrence of low salinity

Values for long periods as a result of the Pranto river

to the new emergent conditions in the south arm of the discharge [34, 40].

Mondego estuary.

2. MATERIALS AND METHODS

2.1. Study site

2.2. Field programme

The benthic communities were sampled fortnightly
from March 1993 to March 1994, along the eutrophi-
cation gradient, during low tide. The gradient con-
sisted in three different sites, tlZe noltii community,

The Mondego estuary is a warm-temperate coastaly eytrophied area and a strongly eutrophied area, from

system on the western coast of Portudajure 1). It
consists of two arms, north and south, with very
different hydrologic characteristics. The northern arm
is deeper, while the southern arm is largely silted up,
especially in upstream areas, which causes most of th
freshwater discharge to flow through the northern arm.
Consequently, the water circulation in the southern
arm is mainly dependent on tidal activity and on the
Usually small freshwater input of a tributary, the
Pranto river, which is controlled by a sluice. Further-
more, due to differences in depth, the tidal penetration

F. FOZ HARBOUR

ATLANTIC OCEAN

Figure 1. The Mondego estuary with indication of the eutrophica-
tion gradient in the south arm.

where macrophytes disappeared wtieteromorpha
blooms occur each year.

As a general trendEnteromorphabiomass in-
creases from early winter (February/March) up to July,

Svhen an algal crash usually occurs. After the summer,

a second smaller biomass peak may normally be
observed in September followed by a decrease in
winter [40].

At each station, ten random samples were taken
using a manual core, each replicate corresponding to
141 cn? and approximately 3L sediment. Samples
were preserved in 4 % buffered formalin, and later
sieved through a 0.5-mm mesh size sieve. Animals
were separated and kept in 70 % ethanol.

At each station and sampling date, salinity, tempera-
ture, pH and dissolved oxygen were measured in situ
in low water pools. Sediment samples were also
collected and subsequently analysed for organic matter
content and granulometry. The organic matter was
determined by loss on ignitions (8 h at 450 °C), for
each sampling date, and the granulometry was analy-
sed seasonally and classified according to the nomen-
clature proposed by Brown and McLachan [8].

2.3. Laboratory procedures

Hydrobia ulvaeindividuals were counted and their
shell height measured to the nearest 0.1 mm. As a
number of individuals had damaged shells, we deter-
mined other measures, such as the maximum width
and maximum length unto the last spire, which were
then converted to shell height. These conversions were

Acta Oecologica
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A 2.4. Data analysis

N=339 We analysed the population spatial distribution by
' : using the index = S%/X [14].

Multiple regression models were developed to relate
the variation ofH. ulvae biomass with salinity, tem-
perature, dissolved oxygen, organic matter content in
sediments, and macroalgae and macrophytes biomass.
The fitted regression models were expressed as:

0.0 v v . v r T \ Y':a+b1X1+b2X2+...+kak

. - M it (e - | where Y' is the values of a given dependent variable
(e.g. biomass) predicted by the equation, X,...X,
80 1 independent variables (e.g. salinity).

The solutions are the estimate of the regression
coefficients a, b, b,...n.. The significance of fitted
regressions was tested by using analysis of variance
(F), and thet-test for the regression coefficients, as
described in Edwards [12, 13]. Regressions were esti-
mated using the Stepwise Forward Analysis method
performed with the STATGRAPHICS 4.0 statistical

6.0 4

Height classes (mm)
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Height classes (mm)
woos @
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Shell height = 1.456x + 0.3455

1 package.
N 0s 1o 15 20 25 a0 35 a0 a5 50 s Growth rates were estimated by tracking recognis-
Maximum length unto the last spire (mm) able cohorts along size-frequency distributions

(0.02-mm classes) from successive sample dates. Size-
frequency analysis was performed using the ANA-
35 c MOD software package [38], in which the analysis
reliability was tested using the ?Xand G-tests
(P =0.05).

Growth rates are usually not constant throughout the
year. Therefore, we used the following model pro-
posed by Gaschiitz et al. [19] to express growth taking
into account seasonal variations:

N=191
R*=098

Biomass (g AFDW)

Biomass = 0.0564 x 2.2381 I—t - Lm{l _ e—[KD(t - to) + C(kD/2IT) sin AT (t - ts)]}l/D

A A A A A A where L is the length of the organism at a given
Height classes (mm) moment t, L, the maximum possible length of the
organism, t the given instant, the instant when the
organism would have a length = Q,the time interval
between growth start (when t = 0) and the first growth
oscillation, growth is expressed by a sin curve with a
based on the biometrics relationships of 339 individu- ;aﬁ?nre{o;r;gd\hhlfcmﬁelr\w/tarl:rdzlé: C%rr?\;gﬂg;a%eémco tthoel
als with intact shellsfigure 2A, B. The relationship depending on the species, and D the parameter that
between total length and ash free dry weight was alsog,resses metabolic deviations from von Bertalanffy’s
established and used in production estimates. There je (the metabolism of an organism is proportional
were not any significant differences between equatlonsP his weight by &/, power).

e o atn oo 20515, We estimated boi growth (P) and eliminaton (€
dividuals measured and weighed throughout the studyprOOILICtlon as derived by Allen [1]. Values of P and E for_
was used to provide a single regression equationeach cohort for a given time interval are expressed as:
figure 2Q. Individuals were dried at 60 °C for 72 h - + A —\A A >\

gmgd Weighed to the nearest 0.01 mg. Ash free dry P= LN+ Ny )21 (Wey = W) fOr Wy > W
weight (AFDW) was assessed after combustion of the o

samples for 8 h at 450 °C. E = [(W + W1 )/2](N; = Ny, ) for Ny > Ny

Figure 2. Hydrobia ulvaebiometric relationships.
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where N is the number of individuals from a cohort at sisted essentially of rhizomes, and during spring and
each sample dat&V the mean individual biomass for summer, total biomass increased due to the growth of
each sample date, t and t+1 the consecutive samplingshoots figure 3.

dates. The composition of macroalgal biomass changed
Total values of P and E for each cohort are ex- along the eutrophication gradient. Red macroalgae,
pressed as: essentiallyGracilaria sp., were relatively abundant at
. the Z. noltii meadows, the non-eutrophied area, de-
~ - creasing along the eutrophication gradient while green
P= ;)[( N, + N, )/2]AW macroalgae showed exactly the opposite pattéga (

ure 4. In the strongly eutrophied area, green macroal-
t=n B gae presented a typical spring bloom, wihteromor-
E= > [(W,+W,,)/2]AN
&

=0
Total values of P and E, for the population, are

expressed as: A
150 4 Macroalgae in Zostera noltii meadows
N N 1
—_ —_ 1 —a— Lnteromorpha sp.
P=>P, and E=>E, : T
n=1 n=1 '2 T
100 4 — Gracilaria sp.
where R, and E, are the growth and elimination E
production of the cohorh. PB and EB ratios were z

determinedB (mean population biomass) is expressed
as:

N
B=(LT)D(B, xt)
n=1

where T is the period of studi the number of cohorts 150 _ ' B
in the period T,B,, the mean biomass of the cohart Macrealgas in the eutrophied area
and t the duration of the cohont = Breomopla
-a. Ulba sp.

"‘;lOO ——  Gracilaria sp
3. RESULTS Z

-

=

3.1. Macrophytes and macroalge biomass

Z. noltii biomass exhibited a seasonal variation in
biomass. During fall and winter, total biomass con-

Zostera noltii biomass . y C
500 = Macroalgae in the strongly eutrophied area
350 1 - a-  Z noltii above ground
,‘ Z. noltii below ground
3004 Ry —== Z. noltii total a004 Bloom —=— Enteromorpha sp.
o / - A -a- Ulva sp
‘s 250 3 ; "\ — Gracilaria sp.
E z 3004 | \ "Crash”
2 200 1 2 [
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=~ 150 i
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0 — GO0 o0 OO O OrO OO T Oy
0 —— T —— T —— = « 32 = = <« w0 Zz Ao =~ = 3T <

Figure 4. Macroalgal biomass in the south arm of the Mondego
Figure 3. Zostera noltiibiomass in the south arm of the Mondego estuary between March 93 and March 94ZAstera noltimeadows;
estuary between March 93 and March 94. B, eutrophied area; C, strongly eutrophied area.
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300000 - Hydrobia ulvae density creased again through spring, although not reaching
the exceptionally low value of 657 ifiti~2 recorded in
2500004 T Zosteranoltii meadows the previous year (August 20, 1993). In the strongly
-<-  Eutrophied area

eutrophied area, population density reached a maxi-
mum of approximately 167 000 ifmd—2 (April 7,
1993), during the algal bloom, and a minimum of
699 indm—2 (July 6, 1993) after the algal crasfig

ure 5). After the algal crash, the population recovered
to a certain extent, but without reaching the previous
density levels.

—a—  Strongly eutrophied area

E 200000
k-l
&
~ 150000
100000

50000 A
3.3. Environmental factors

0

Silt and clay were the main constituents of sedi-
ments at th&Z. noltii meadows, while in areas covered
with algae, sediments mainly consisted of fine sand
Figure 5. Abundance ofHydrobia ulvaealong an eutrophication (table ). Other environmental factors were also deter-
gradient, in the south arm of the Mondego estuary between March 93 ined fortnightly at each sampling statiotalgles I,
and March 94. llI) and taken into account in multiple regression

analysis.

In the Z. noltii meadows, H. ulvae biomass
pha spp. biomass reaching 413.19 g AFD#? (g AFDW) was positively correlated with green algae
(April 7, 1993), followed by an algal crash in early (Enteromorphapp. +Ulvasp.), biomass (log + 1) and
summer (July 6, 1993¥igure 4Q. However, no algal  negatively correlated with salinity ar#l noltii below-
bloom was observed in spring 1994 due to the fact thatgrownd biomass;R = 0.000;r-2=0.70)
this was a particularly rainy year. H. ulvae biomass = 105 + 15.0 (In + 1 green algal)

—1.38 (Sal.) — 0.282 (Z. below-ground)
3.2. Abundance Regarding the strongly eutrophied area, we analysed

Population density changed throughout the period S€Parately the algal bloom and post-algal crash sce-
of study but the pattern of variation was not the same N&r0s (igure §. During the algal bloomH. ulvae
at the three sampling stationiglire 5. Density was ~ Piomass appeared positively correlated with green
consistently higher at th&. nolti meadows, increas- &/9a€ biomass, with organic matter content in sedi-
ing gradually from November 1993 up to a maximum MeNts, and with dissolved oxygen,P £ 0.007;
during spring in 1994 (approximately rm==0.94): )

288 000 indh 2 March 23, 1994). The population  H. ulvae biomass =-74.2 + 0.0333 (green algae)
density increased during fall and winter in the eutro- +0.150 (org. mat.) + 1.89 (9

phied area, reaching a maximum of approximately After the algal crashH. ulvae biomass appeared
151 000 indih2 (December 17, 1993). Then, it de- positively correlated with green algae bioma&s{

Table I. Relative frequency of sediment granulometry classes determined seasonally along the eutrophication gradient in the south arm of the
Mondego estuary.

Zostera noltiimeadows Eutrophied area Strongly eutrophied area

Classes (mm) April June Dec. April June Dec. April June Dec.
>2 0.94 0.29 3.86 0.46 0.21 0.74 0.42 0.11 0.03
>1,<2 1.03 1.10 1.44 0.42 0.31 0.35 0.62 0.57 0.33
>0.500,< 1.0 4.28 1.36 2.27 1.72 0.63 1.20 2.06 1.72 1.34
> 0.250,< 0.500 1.11 14.79 16.23 6.94 2.50 16.21 7.71 10.78 15.08
>0.125,< 0.250 22.35 17.21 19.99 24.66 21.75 47.23 36.86 33.13 40.02
>0.063,<0.125 63.10 19.48 19.30 59.49 25.14 21.22 49.43 28.12 26.19
>0.038,<0.063 4,54 31.34 27.85 3.68 35.11 7.56 1.80 20.45 9.87
<0.038 2.65 14.43 9.06 2.63 14.35 5.49 1.10 5.12 7.14
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Table Il. Hydrobia ulvaebiomass and environmental factors taken into account in multiple regression analgsisténa noltimeadows.

Date H.ulvae  Temp. (0} Salinity Org. matter  Green algae Red algaeZ. noltii above-groundZ. noltii below-ground Z. noltii total
(QAFDWI™?)  (°C) (mgL™Y (g7} (g2 (g AFDWINM?) (g AFDWIM?) (g AFDWI2) (g AFDWII) (g AFDWIM)

24-Mar 47.71 151 127 22.0 558.10 0.01 19.58 75.63 98.62 212.06
7-Apr 47.59 156 11.8 24.0 551.06 0.01 17.41 156.21 75.63 347.75
23-Apr 58.67 175 113 325 501.06 4.16 45.45 189.76 62.89 425.64
6-May 52.10 179 119 29.7 359.97 4.19 44.84 114.44 65.57 332.11
24-May 56.91 17.7 125 25.7 351.08 0.03 16.13 175.79 62.01 382.91
7-Jun 54.46 224 156 24.5 534.39 0.11 23.79 191.42 60.09 435.12
22-Jun 51.40 23.6 147 28.5 516.25 1.10 16.65 172.19 78.76 432.76
6-Jul 55.82 23.7 10.9 32.2 502.17 5.59 16.06 168.44 64.70 403.46
22-Jul 60.81 254 115 33.4 481.44 13.04 63.06 159.02 54.86 377.61
5-Aug 58.84 25.7 10.3 324 491.81 11.14 64.73 197.10 69.05 444.21
20-Aug 49.55 23.9 7.9 29.8 538.84 3.21 9.68 175.92 82.54 444.98
3-Sep 48.39 21.0 8.1 29.0 499.95 3.80 16.18 163.20 85.74 418.50
20-Sep 45.49 23.0 8.5 28.8 515.88 3.38 19.40 162.59 92.54 418.02
1-Oct 43.20 23.2 113 29.6 572.54 1.18 13.14 146.83 92.26 393.80
18-Oct 47.30 192 114 20.8 483.66 1.21 10.06 149.59 89.05 386.84
2-Nov 49.90 16.7 9.1 15.6 504.77 0.23 1.95 118.88 93.18 346.30
17-Nov 45.90 15.0 134 18.8 522.54 0.20 1.94 77.35 109.53 285.00
3-Dec 58.23 142 147 16.0 489.58 0.14 1.02 79.39 110.78 268.54
17-Dec 71.90 142 11.0 15.0 508.84 0.06 1.64 81.49 93.07 255.00
30-Dec 67.25 14.2 8.1 16.8 529.21 0.34 2.53 82.44 91.27 255.67
12-Jan 61.49 13.2 7.4 11.8 580.69 0.33 4.85 80.02 96.80 258.05
27-Jan 58.77 9.5 9.1 8.4 562.91 0.12 3.57 75.75 109.55 263.18
10-Feb 61.98 6.3 10.2 12.9 502.55 0.11 0.65 84.11 116.88 280.91
24-Feb 70.82 9.2 9.1 10.4 435.51 0.26 0.66 88.96 120.36 295.85
10-Mar 72.80 15.7 7.0 6.3 424.03 1.58 2.00 112.77 112.88 326.52
23-Mar 73.72 19.1 125 13.1 44551 7.43 14.75 121.04 102.46 340.41

teromorpha spp. +Ulva sp.; In+ 1) and dissolved
oxygen P =0.001;r2=0.63):

H. ulvaebiomass = -53.6 + 27.0 (In + 1 green algae) 50 7 Strongly cutrophied area - 500

+4.718 (Q) { &

40 -

—— H.ulvae biomass
F 400

N, - - Total green macroalgae biomass

3.4. Growth and life span

Size-frequency polymodal distributions were analy- 300
sed forH. ulvaerecognisable cohortdigure 7). Sig-
nificant differences in the population structure along
the eutrophication gradient were observed. Individuals
reached larger dimensions at tHe noltii meadows
when compared to macroalgae-covered areas. Never 101
theless, the same settlement pattern was observe:
along the eutrophication gradient, respectively in 0
March, June, July and Septembex?(and G not
significant,P < 0.05). New cohorts were detected with

+ 200

H. ulvae (g AFDW m™)

r 100

Green macroalgae (g AFDW m 2 )

an average shell height of 1.11 mm at tAe noltii Figure 6. Green macroalgal biomass arndydrobia ulvae abun-
meadows, 1.07mm at the eutrophied area, anddance variations in the strongly eutrophied area in the south arm of
1.10 mm at the strongly eutrophied area. the Mondego estuary between March 93 and March 94.
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Table lll. Hydrobia ulvaebiomass and environmental factors taken into account in multiple regression analysis in strongly eutrophied area.

Date H. ulvae Temp. (e} Salinity Org. matter Green algae Red algae
(g AFDWIET?) (°C) (mgL™) (g™ (gm) (9 AFDWIIN) (g AFDWIN™)
24-Mar 20.64 20.5 20.0 222 304.44 265.07 0.88
7-Apr 31.52 21.8 19.4 22.0 387.69 344.11 13.74
23-Apr 36.23 19.7 14.2 29.5 446.86 408.85 16.99
6-May 22.63 17.2 12.6 235 444.82 291.73 8.32
24-May 8.27 18.0 12.5 215 344.43 207.05 6.33
7-Jun 4.95 24.7 147.4 25.5 327.29 231.55 2.26
22-Jun 9.82 30.2 13.3 29.5 337.49 271.62 0.56
6-Jul 6.58 30.8 9.6 29.5 362.38 142.60 0.43
22-Jul 0.94 324 9.4 27.4 343.61 2.05 0.29
5-Aug 2.52 304 8.7 29.7 353.00 1.34 0.09
20-Aug 7.53 28.1 7.6 28.1 399.93 2.33 0.15
3-Sep 8.81 27.6 8.1 27.9 332.19 2.30 0.19
20-Sep 9.26 27.3 8.0 28.4 326.88 1.06 0.53
1-Oct 48.58 23.6 10.2 29.5 404.83 2.25 0.54
18-Oct 74.38 21.9 13.0 20.4 315.05 2.79 0.12
2-Nov 52.15 21.1 13.8 13.8 302.80 2.85 0.14
17-Nov 22.05 19.3 15.1 17.0 321.17 1.86 0.15
3-Dec 2.78 19.2 12.9 14.7 307.70 0.07 0.08
17-Dec 2.93 17.7 10.7 17.0 300.76 0.08 0.10
30-Dec 3.01 16.7 11.3 19.5 288.93 0.07 0.09
12-Jan 3.72 15.3 11.7 11.6 319.13 0.02 0.03
27-Jan 2.99 12.5 10.9 6.6 259.14 0.01 0.00
10-Feb 1.71 10.5 11.0 10.6 222.82 0.47 0.00
24-Feb 1.87 11.7 9.0 9.5 265.26 0.50 0.00
10-Mar 1.60 15.7 8.9 8.1 257.91 0.08 0.05
Growth was continuous through lifidure 8. Nev- (377 d), we could not take into account a second

ertheless, growth rates were highest in spring, de-settlement in order to validate the model.
creased from early summer to mid fall, practically

ceased in winterfigure 9, and gradually increased 3.5. Life cycle

again up to spring. Lower growth rates during winter . . . L
were probably a result of lower temperatures. During __1N€ reﬁroductlve perlofd was studied r;[_alﬂng '?.tod
the rest of the year, higher growth rates were probably 2ccount the occurrence of egg masses, which are fixe

a function of higher temperatures as well as increased®" livé shells of its congeners [17]. We found a very
food resources. low percentage of the population carrying egg masses

and therefore data from the three sampling stations
were pooled together for the analysig@re 19. Two

ain reproductive peaks are recognisable in the
Mondego estuary population, in spring and in late
summer.

Life span was estimated at 213 months. Individu-
als presented a mean shell height between 3.78 m
(SD+0.30) and 4.75 mm (SB 0.43) after the first
year, and 5.84 mm (SB 0.82) after 21 months. Data
on cohort C5 at th&. noltii meadows were used to
calibrate a growth modefigure 9. The model param-
eters were estimated as follows; E 7.95 mm, corre-
sponding to the largest individual observed; Relationships between height and ash free dry
K=0.729; {=-0.112; {=-0.111; C=0.529; D=1, weight (g AFDW) figure 2Q were used to estimate
since it was assumed that there were no deviationsproduction taking into account cohort growth and
from von Bertalanffy’'s?/; rule. Unfortunately, since  mortality. Growth productivity (P) was estimated at
the H. ulvaelife span is longer than our study period 93.7 g AFDWMm2year? in the Z. noltii meadows,

3.6. Production estimates
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Zostera noltii meadows Eutrophied area Strongly eutrophied area
50 11/03/93 50 11/03/93 50 ; 1':/0:1/%3
40 N =544 40 N=229  4p ] -

30 30 c4 30 1 c4
v 3
20 c2 ('31 20 c5 201
v
0 +————5F T T T T 0 +—fF——— T 0 ———

0.0 1.0 2.0 3.0 40 5.0 6.0 7.0 80 0.0 1.0 2.0 3.0 40 50 6.0 7.0 8.0 0.0 1'0 2‘0 370 4_0 5_0 6.0 7.0 8.0
50 23/03/93 50 24/03/93 504 24/03/93
40 N =470 40 N=262 4] N =1852

30 C1-C4 %0 c4
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Figure 7. Size-frequency polymodal distribution bfydrobia ulvae in the south arm of the Mondego estuary, along an eutrophication gradient
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Figure 8. Estimated growth (field growth data) éfydrobia ulvae
cohorts or groups of cohorts, average total leng#itandard devia-
tion during the study period. Broken lines indicate probable cohort
merging. A,Zostera noltimeadows; B, eutrophied area; C, strongly
eutrophied area.

15.2 g AFDWh2year?! in the eutrophied area, and
30.3 g AFDWMm—2year? in the strongly eutrophied
area. Elimination productivity (E) was estimated at
30.0 g AFDWh2year? in the Z. noltii meadows,
51.8 g AFDWm2year? in the eutrophied area, and
97.5 g AFDWmh?year™ in the strongly eutrophied
area. The average annual bioma}(standing stock)
of the population was estimated at 70.2 g AFDIW?

in the Z. nolti meadows, 5.5 g AFDVih~—2 in the

A.l. Lillebg et al.

Hydrobia ulvae 0?

Shell height (mm})

1 r'=0.97

145 218 291 364

Age (days after settlement)
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Figure 9. Hydrobia ulvaegrowth model for the south arm of the
Mondego estuary.

eutrophied area, and 7.4 g AFDRV-2 in the strongly
eutrophied area. B/and EB ratios were estimated
respectively at 1.3 and 4.8 in tl#& noltii meadows,
2.8 and 9.5 in the eutrophied area, and 4.5 and 13.2 in
the strongly eutrophied area. Taking into account the
two scenarios considered at the strongly eutrophied
area, we estimated B~ 5.3 and BB = 14.4 during

the algal bloom, while after the algal crastBR/ 3.3

and EB = 11.4.

These results demonstrate thdt ulvae standing
stock decreased as a function of increasing eutrophi-
cation, while PB and EB ratios increased following
the same gradient.

Percentage of H.ulvae carring egg masses

6% 1

4%

0% H——1————1— A

Figure 10. Percentage offydrobia ulvaecaring egg masses in the
south arm of the Mondego estuary between March 93 and March 94.
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4. DISCUSSION AND CONCLUSIONS (June 22) to 699 inidh~2 (July 6). After the algal crash,
) ) although the population was able to recover
The study ofH. ulvae population dynamics along (62 863 indi2, August 20), it could not reach initial
the eutrophication gradient provided an opportunity to values again. Such recovery may have resulted from
assess its capacity to adapt to environmental changesnew settlements and/or the byssus-drift migration of
Moreover, production estimates contributed to the H. ulvaejuveniles [2, 3]. In the present study, ulvae
evaluation of the role of this species with regard to showed a remarkable capacity to re-colonise the dis-

energy flow in the estuarine food web. turbed area. Furthermore, other authors have reported
its migration capacity [45, 46] and tolerance to adverse
4.1. Spatial distribution and abundance conditions [43, 45].

Hydrobia ulvaepresented a contiguous spatial dis-
tribution in the intertidal zone [14], which is consistent
with results from other authors (see referencesin [11]). H. ulvae biomass at theZ. noltii meadows was

Population density clearly changed along the positively correlated with green algae biomass and
eutrophication gradient, probably as a function of the negatively correlated wit. noltii below-ground bio-
vegetation dynamics. Th&ostera nolti meadows  mass and salinity. AlthougtEnteromorphaspp. and
presented a stable and derdeulvae population all Ulva sp. biomass were very low this positive correla-
over the study period, which is consistent with results tion can be explained by the fact that an organic
from other authors [50], probably as a result of the enrichment may favour algal development [15, 18, 21,
greater stability provided by macrophyte beds, in 23, 25, 30, 40, 44]. In addition, grazing activity on
comparison to green macroalgae-covered areas. Anferiphyton and epiphyte may favour the macro-
other possible explanation is the fact that this area isphytes [22, 42], and therefore food resources were
constituted by muddy sediments, with higher organic always available foH. ulvae[16, 20, 24, 36]. The
matter content, which may regulate distribution and negative correlation wittZ. noltii below-ground bio-
abundance oH. ulvae[7]. Densities recorded were mass may be explained by the fact that leaves and root
clearly higher than, for instance, those observed byrhizomes showed opposite peaks during the study
Curras and Mora [10] and Sola [45, 46], which may be period. Furthermore, Asmus and Asmus’ [4] observa-
due to the fact that these authors used a 1.0-mm meshions in the Wadden Sea showed that epiphytic diatoms
size sieve. In fact, this mesh size is not effective in density, which constitute a main food item fbt.
capturing individuals smaller than 1.5 mm [6]. Never- ulvae[16], always followedZ. noltii leaf biomass. The
theless, Planas and Mora [43] observed a maximumnegative correlation with salinity cannot be explained
abundance of 100 028 i in the ria de Ponteve- as a cause-effect relationship, sifdeulvaetolerates
dra, Spain. a wide salinity range (10 to 35 %o) [35]. This result

At the Z. noltii meadowsH. ulvaedensity increased ~ must therefore be considered as incidental. In feict,
from early winter 1993 to a maximum in spring 1994, ulvae abundance and biomass increased from winter

This is not in agreement with observations carried out 93 t0 spring 94 and as this was a very rainy period
by other authors, e.g. Curras and Mora [10] in the ria salinity values decreased, and were lower in spring 94.
del Eo, Spain, where the maximum density occurred in At the eutrophied area and during the algal bloom,
spring and summer and the minimum during winter. H. ulvae biomass was positively correlated with the
Nevertheless, our data may be related to the fact thatgreen macroalgae biomass, with organic matter con-
no algal bloom occurred at the strongly eutrophied tent in sediment and with oxygen concentration.
area of the estuary in spring 1994 [9]. As a result, the While, after the algal crash, it was positively corre-
usual alternative macroalgal habitats were not avail- lated with Enteromorphaspp. andUIva sp. biomass
able and juvenile migration [2] probably did not occur. and oxygen concentration. A positive correlation with
This may explain as well the low population density macroalgal biomass makes sense since algae-covered
observed in the strongly eutrophied area in spring habitats can provide food resources and shelter [15,
1994. In fact, there were two distinctive scenarios in 23, 50]. In fact, Drake and Arias [11] showed that algal
the strongly eutrophied area. During the algal bloom, biomass was the most important factor for hydrobiid
the population density was much higher species temporal and spatial patterns in the Bay of
(167 510 ind2in April 7, 1993) than in theZ. noltii Cadiz, Spain. The positive correlation between the
meadows in the same period. This may be related tosediment organic matter contents addulvaebiom-
habitat heterogeneity and food resources [15, 35, 47,ass can be related to the fact that in this area, organic
49]. During the algal crash, when anoxic conditions matter could be a limiting factor [23]. A possible
occurred in the sediment surface, the population suf-explanation for the results regarding the oxygen con-
fered a sudden and drastic reduction, from 21 818 centration in this area resides in the fact that, during

4.2. Environmental factors
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the bloom, due to respiration, a huge green macroalgae TheH. ulvaestanding stock decreased as a function
biomass may have induced anoxic conditions during of increasing eutrophication, while®®and EB ratios
nocturnal periods which strongly affected tHeulvae increased following the same gradient. This was obvi-
population causing its decline. As we always measuredously related with the size of individuals found in each
oxygen concentrations during the day, such conditionssampling area, in relation with the dynamics of mac-
could not be detected but it was clear tlvht ulvae roalgal mats. Probably as a result from higher expo-
biomass followed the decrease of green macroalgaesure to predators [37H. ulvaeindividuals were con-
biomass. In fact, Everett [15] found dissolved oxygen siderably smaller than in th&. nolti meadows.
concentration in the algae-sediment water interface toMoreover, these results may suggest thhatulvae

be significantly lower than in overlying water column, might be suffering a change in its adaptive strategy
and Hull [23] observed that sediments under algal along the eutrophication gradient, becoming closer to
mats had significantly lower redox potentials, when a ‘r’ strategy.

compared to bare bottom sediment. In addition, in the  TheH. ulvaeP/B estimates in the Mondego estuary
Bay of Cadiz, Drake and Arias [11] found thdt ulvae  were of the same order of magnitude as estimates for
abundance was highest in the sites with the greatesthe same species in similar habitats, e.g. algae-covered

water renewal. areas [11] andZ. noltii meadows [48]. Exception is
made for the strongly eutrophied area where these
4.3. Growth, life span and productivity estimates were higher. In this area, and considering the

two distinctive situations, B and EB estimates

The settlement pattern ¢f. ulvaein the Mondego  reflect that under these unstable environmental condi-
estuary was the same along the eutrophication gradi-tions, exposure to anoxic conditions during the algal
ent, with settlements occurring in March, June, July crash and to predators, ulvaepopulation structure is
and September. This is not entirely coincident with altered probably as a function of life expectancy.
results obtained by Bachelet and Yacine-Kassab [6], In the Mondego estuaryl. ulvae production was
Curras and Mora[10] and Sola [45, 46], but differ- very high when compared to Ria Formosa, Portu-
ences may arise from contrasting geographic environ-gal [48] and also when compared with estimates of
mental conditions. Other possible explanations could secondary production of whole intertidal benthic com-
be related to sampling periodicity or to sieve mesh size munities [48]. Neverthelesdl. ulvae PB in the Z.
(we used 50Qem, while other authors used 1 00 nolti meadow can be compared to Sprung’s [48]
which may cause a certain bias) or even to the estimate for the whole intertidal benthic communities,
methodology applied in cohorts detection. Neverthe- taking into account the fact thad. ulvae represents
less, it is possible to establish some correspondencemore than 80 % of the total benthic macrofauna
between the settlements taking into account the mearbiomass in the Mondego estuary [40].

shell height of the cohorts. The present results reinforce the generalised notion

Two main reproductive peaks, but very small when that estuaries are highly productive systems, and that
compared two other authors’ [11, 17], were recognis- H- ulvaemay be seen as an important element of this
able in the Mondego estuary population. Although, energy flow. Moreover, evidence is shown tHdt
this result may not be consistent with the settlement Ulvaepopulation structure and annual production were
pattern ofH. ulvae only a very small proportion of affected by eutrophication, namely by macroalgal
egg capsules was observed on snail shells. In thebloom dynamics.

Mondego estuanil. ulvaeegg capsules were mainly

observed on macroalgae a#dnoltii leaves, but they  acknowledgments
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