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ABSTRACT: A mathematical expression is proposed to
describe the relationship between the photosynthetic capac-
ity (Pnay) of natural assemblages of motile benthic diatoms
and temperature. Experiments were performed in 2 different
seasons to document the response of P, to a rapid increase
in temperature (3°C h™!). In both cases, there was a progres-
sive increase in P, up to an optimum temperature (T,,),
beyond which Py, declined rapidly. T, did not change from
September to December 1995, but the maximum photosyn-
thetic capacity (Pyax. 1.€. Ppay at Top) was twice as high in
September as in December
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Due to the combination of seasons, tidal cycle and
weather conditions, intertidal mudflats are subject to
large temperature changes during low tides (Harrison
1985, Harrison & Phizacklea 1985, 1987). The surface
mud is usually inhabited by a dense community of ben-
thic microalgae (Colijn & de Jonge 1984) in the top few
cm (de Jonge & Colijn 1994, Cariou-Le Gall & Blan-
chard 1995), but the photosynthetic activity is
restricted to only the top mm-—where temperature
changes occur most rapidly and intensely —because of
a strong light attenuation in fine sediments (Haardt &
Nielsen 1980, Jorgensen & Des Marais 1986).

Temperature has been shown to have a significant
effect on primary production and growth rates of
microphytobenthos not only at a seasonal scale
(Cadée & Hegeman 1974, Admiraal & Peletier 1980)
but also at an hourly scale (Colijn & van Buurt 1975,
Admiraal 1977) during the emersion periods on inter-
tidal mudflats (Rasmussen et al. 1983). This short-term
effect is different from one species to another (Admi-
raal 1977), and acclimation seems to occur during the
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seasonal cycle (Rasmussen et al. 1983, Grant 1986).
Although important, these results have not yet been
formalized by a mathematical expression describing
the physiological response of benthic microalgae to
temperature. The temperature model that has been
employed so faris Eppley’s (1972) equation. This equa-
tion, however, gives the variation in maximum
expected growth rate of phytoplankton with tempera-
ture (based on a literature review), and not the actual
photosynthetic response of microphytobenthos to
short-term changes in temperature.

The present note aims therefore at proposing a
mathematical equation describing the relationship
between the photosynthetic capacity of natural assem-
blages of benthic diatoms and temperature to be used
in a model of benthic primary production. As we were
primarily interested in the kinetic aspect of the rela-
tionship, we measured experimentally the response of
the photosynthetic capacity to a rapid increase in tem-
perature, similar to what occurs in the field at low tide,
in 2 different seasons.

Material and methods. Light-saturated photosyn-
thetic rates were measured on isolated motile benthic
diatoms separated from intertidal mud of the temper-
ate Bay of Marennes-Oléron along the French Atlantic
coast (Charente-Maritime, France). The sediment was
sampled at low tide on the mudflat on 2 different dates:
11 September and 11 December 1995. All measure-
ments were performed within 48 h. Temperature of the
surficial sediment {top 1 mm) ranged from 16.4 to
24.6°C when exposed to the air during low tide for the
period 12 to 17 September 1995, and from 1.0 to 10.5°C
for the period 5 to 11 December 1995 (Fig. 1).

Separation of microalgae from the sediment: Ben-
thic diatoms were separated from the mud using
Couch’s (1989) method with slight modifications. This
method is based on the properties of vertical migration
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of motile microalgae. The collected mud was spread on
flat trays to a depth of about 1 cm. A nylon screen
(63 pm mesh) was laid upon the sediment surface and
covered with a 4 to 5 mm layer of combusted silica
powder (60 to 210 pm). The trays were held under light
and the silica powder was kept wet by spraying with
GF/F filtered seawater from the sampling site (salinity
= 36%0). Within 1 to 3 h, the silica powder, into which
the motile microalgae had migrated, was gently taken
up by scraping, and sieved under a thorough rinsing
with seawater through a 63 um screen to separate the
diatoms from the greater part of the silica powder and
from any nematodes which might have also migrated
into the silica powder. On both dates, benthic diatoms
were identified and enumerated.

Experimental design: The suspension of isolated
benthic diatoms was gently homogenized with a mag-
netic stirrer, and 60 ml subsamples were withdrawn for
further incubation at different temperatures (salinity =
36 %0). An experiment was designed to assess the short-
term response of the photosynthetic capacity (Ppay) to
an increase of temperature over the range 5 to 35°C
(with a 3°C step, i.e. 11 temperatures were tested), this
range being representative of the temperature
changes (3 to 33°C) measured at the surface of the mud
during low tide over an 18 mo period (G. Blanchard
unpubl.).

The subsamples were placed in a temperature-con-
trolled chamber under light-saturating conditions.
Temperature was progressively lowered down to 5°C.
(Pmax) was measured on 1 of the subsamples and tem-
perature was then raised by 3°C; each increase was
followed by an equilibrium period of 1 hr. The same
procedure was repeated up to 35°C. The rate of tem-
perature increase (3°C h™') was chosen to be compara-
ble to that which occurs at the surface of the mud
(Fig. 1), and to be in the range (2 to 4°C h™') of pub-
lished data concerning temperature changes of inter-
tidal mud (Harrison 1985).
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Fig. 1. Temperature recordings at
the surface of the mud (top 1 mm)
in March, June, September and
December 1995 at different times
of the tidal cycle: when low tide
occurred at 09:00, at 12:00 and
15:00 h UT. Temperature was re-
corded continuously using a Li-Cor
temperature sensor (1000-15 soil
temperature sensor) connected to a
LI-1000 dataLogger
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Measurement of light-saturated photosynthesis:
The P,.. corresponding to the light-saturated part of
the photosynthesis-irradiance relationship was esti-
mated using a photosynthetron (Lewis & Smith 1983)
which allows simultaneous measurements of the pho-
tosynthetic rate at different light levels. For the present
experiment only light levels in the range 1000 to
1600 pmol m~2 5! were considered for calculation of
P,ax- Photoinhibition at the highest light levels was
never observed.

For each temperature, !C-bicarbonate (45 to
60 mCi mmol~! stock solution) was added to 1 subsam-
ple to reach a final concentration of about 0.4 nCi ml™".
Aliquots (1 mlj were then dispensed into 20 ml scintil-
lation vials and incubated for 20 min at the chosen
temperature. Dark and formalin controls were also
incubated. After incubation, all biological activity was
stopped by the addition of 50 ul of buffered formalin.
The excess radioactivity was removed by adding 250 pl
of 6 N HClI and shaking for 2 h. A 10 ml volume of
Instagel (Packard) was introduced into each vial and
dpm (disintegrations per minute) were counted in a
Packard Tri-Carb 1500 Liquid Scintillation Analyser
including quenching correction. All photosynthetic
rates were normalized to chl a which was measured
fluorometrically on 5 ml triplicates subsampled before
the addition of radioactivity. Total carbon dioxide of
the water was previously estimated by determination
of carbonate alkalinity (Parsons et al. 1984).

Results and discussion. The short-term response of
P« to a rapid increase in temperature is shown in
Fig. 2. The shape of the relationship between P, and
temperature is typical of short-term temperature
effects on light-saturated photosynthesis {see Davison
1991 for a review): there is a progressive increase of
Prax with increasing temperature up to an optimum
temperature, beyond which P, ., declines rapidly.

The following non-linear model was fitted to our
experimental data (Fig. 2):
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with T < To. and Top < Thae EQ. (1) describes the
varlation of the photosynthetic capacity P« [ng C (ng
chl a)! h™!] as a function of temperature T (°C). The
notation used makes the physiological significance of
the 3 parameters, T, Ton and Puysx. self-evident
{notice that Puax = Sup|Ppay(T)] = Puax(Top)). The role
of the fourth parameter § {dimensionless) is easier to
understand when Eq. (1) is written in a rescaled form:

{ s
let Y = _Pi.m_\'(T)’ e _ L Tn..‘.x T |
Tmax _Topl /

MAX
The relationship between the relative rates of varia-
tion of the dimensionless variates Y and 6 is then:

ﬂ:ﬁu-e)%, 650 (2)

Thus, the parameter § contributes to the sensitivity of
dY/Y to a variation in d6/8. The influence of § is all the
more effective since 6 differs from 1 (thatis, T is distant
from Topy).

The 4 parameters of Eq. (1) were identified by mini-
mization of the ordinary least-squares criterion, using
a direct search method (Simplex of Nelder & Mead
1965). The mean square error (MSE) matrix was cho-
sen as a measure of accuracy of the estimates. The
MSE matrix has been computed by resampling the
centered residuals, according to the bootstrap method
(Efron 1979) applied in the context of regression (see
for example Efron 1988).

Pyax (the maximum value of Py,,) was almost twice
as high in September [5.81 £ 0.15 ug C (ug chl a)' h™!]

P.ax [MG C (Hg Chla)y' h']

Temperature (°C)

Fig. 2. Relationship between P, and temperature. Septem-

ber 1995: (®) experimental data (+ experimental SE); (—) fit-

ted curve. December 1995: {O) experimental data (+ experi-

mental SE); (-—-) fitted curve. {---} Eppley’s equation for each
data set

Table 1. Estimates of the parameter values of Eq. (1) as well as
their mean square error (MSE)

December 1995
Estimate MSE

September 1995
Estimate MSE

Puax 5.81 0.15 3.04 0.16

ug C (ug chla) ' h!
T °C 38.2 1.55 34.9 0.96
Topt. °C 253 0.52 254  0.86
B, dimensionless 1.76  0.56 1.03  0.42

as in December [3.04 = 0.16 pug C (pg chl a)' h''],
whereas T, did not change (25.29 + 0.52 and 25.38
0.86°C, respectively) (Table 1, Fig. 2). So, there
appears to be a seasonal effect on the hourly response
of microphytobenthos to a rapid increase in tempera-
ture. This might be due partly to a change in the com-
munity structure of motile benthic diatoms: in Septem-
ber, the community was completely dominated by
Navicula spp. (>98%) whereas in December Pleu-
rosigma spp. reached about 22% of the community
and Navicula spp. only 53 %.

The seasonal effect could also be due to a physiolog-
ical acclimation, so that the combination of both taxo-
nomical and physiological changes makes it necessary
to establish the relationship between F,,,, and temper-
ature at each season. Indeed, one has to check whether
T, changes during the seasonal cycle or not because,
based on our measurements in September and Decem-
ber, the temperature recordings for June (Fig. 1) show
potentially inhibitory temperatures (those above 25°C).

Colijn & van Buurt {1975) found a similar relation-
ship between photosynthesis and temperature in sedi-
ments from the Dutch Wadden Sea, but the maximum
photosynthetic capacity occurred between 20 and
22°C and was lower than 1 ug C (pg chl a)' h™'. This
may be due to the fact that measurements were made
on intact sediment so that the photosynthetic rate was
divided by too large an amount of non-photosyntheti-
cally active chl a. Admiraal (1977) also found the same
kind of relationship between the growth rate (doubling
per day)} of single diatom species and temperature.
Concerning the seasonal effect, Rasmussen et al.
(1983), in the Danish Wadden Sea, found both a
change in the maximum photosynthetic capacity and
the optimal temperature, thus resulting in either
almost symmetrical bell-shaped curves or a linear rela-
tionship in the range 5 to 30°C. The maximum photo-
synthetic capacity was similar to our findings for com-
parable periods [about 4 ng C (ug chl a)"' h™! at 30°C in
September].

Based on our data, Eppley's (1972) equation may be
used as a rather good predictor of P, in the range of
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temperature lower than T, (Fig. 2). However, it has
several drawbacks:

(1) Eppley’s equation is inappropriate for ecophysio-
logical purposes because it does not take into account
T, i its formulation, and because it cannot fit P, at
T,p nor the steep decrease of Pp,, above T, It is nev-
ertheless used in models when temperature is inte-
grated over the day (Raillard & Menesguen 1994).

(2) Eppley's equation implies a constant Q,, (= 1.88)
whereas Q) analytically calculated from Eq. (1):

Brax (T)

Brax (T =10)
- exp-[B[ln[- Tmax =T 1+ EL }

| Toax ~T+10/] " Tax = Topt
defined for T < T (3)

shows instead a decrease from low temperatures up to
Tmax (Fig. 3). Such results have already been observed
by Palmisano et al. (1987) and Arrigo & Sullivan (1992)
for sea ice microalgae, but there has been no report
concerning microphytobenthos.

From a kinetic standpoint, our experimental results
show a rapid response of Py, to an increase in temper-
ature at a rate of 3°C h™!. If we extrapolate this to field
conditions, for example in September (Fig. 1) when
temperature increased from about 16°C to about 25°C
during low tide, P, could potentially increase by
about 40% (Fig. 2). This enhanced productivity could
be realized at the surface of the sediment where motile
microalgae migrate at low tide and are exposed to sat-
urating light conditions, provided there is no nutrient
limitation. Our results thus clearly indicate that tem-
perature can exert a tight control on benthic photosyn-

Qu =
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Fig. 3. Qo (between T and T - 10) calculated from the

experimental data with interpolation. (—) September 1995;
(--) December 1995

thesis, so that it has to be taken into account in models
of primary production and in field measurements in
emersion conditions.

The general model we propose describes the kinetic
aspect of the relationship between P,,,, of microphyto-
benthos and temperature and can be used for both
modelling and ecophysiological purposes.
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