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Abstract Intertidal microphytobenthos (MPB) are

important primary producers and provide food for

herbivores in soft sediments and on rocky shores.

Methods of measuring MPB biomass that do not

depend on the time of collection relative to the time of

day or tidal conditions are important in any studies that

need to compare temporal or spatial variation, effects

of abiotic factors or activity of grazers. Pulse ampli-

tude modulated (PAM) fluorometry is often used to

estimate biomass of MPB because it is a rapid, non-

destructive method, but it is not known how measures

of fluorescence are altered by changing conditions

during a period of low tide. We investigated this

experimentally using in situ changes in minimal

fluorescence (Fo
15) on a rocky shore and on an estuarine

mudflat around Sydney (Australia), during low tides.

On rocky shores, the time when samples are taken

during low tide had little direct influence on measures

of fluorescence as long as the substratum is dry.

Wetness from wave-splash, seepage from rock pools,

run-off, rainfall, etc., had large consequences for any

comparisons. On soft sediments, fluorescence was

decreased if the sediment dried out, as happens during

low-spring tides on particularly hot and dry days.

Surface water affected the response of PAM and

therefore measurements used to estimate MPB,

emphasising the need for care to ensure that represen-

tative sampling is done during low tide.

Keywords Microphytobenthos � Biomass �
Sampling � Surface water � Low tide � Pulse amplitude
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Introduction

Intertidal microphytobenthos (MPB) are important

primary producers in soft sediments (Yallop et al.,

1994; MacIntyre & Cullen, 1996; Underwood et al.,

2005) and on rocky shores (Castenholz, 1961; Nicotri,

1977; Magalhães et al., 2003). They contribute to

carbon budgets (Sullivan & Moncrieff, 1988; Under-

wood & Kromkamp, 1999), can stabilize sediments

(Tolhurst & Chapman, 2007) and provide food for
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herbivores (Castenholz, 1961; Hawkins et al., 1992).

Spatially, amounts of intertidal MPB vary consider-

ably at scales from millimetres (Blanchard, 1990;

Hutchinson et al., 2006; Jackson et al., 2009) to

kilometres (Jenkins et al., 2001; Thompson et al.,

2005), with a lot of the variation at the smallest scales

measured (e.g. Saburova et al., 1995; Chapman &

Tolhurst, 2007). Measures of temporal variation on

rocky shores have mostly been about changes at large

temporal scales (e.g. monthly, seasonal or inter-annual

variability; Underwood, 1984a; Jenkins et al., 2001;

Thompson et al., 2005; Jackson et al., 2010), with no

studies of short-temporal variation in MPB (e.g. diel or

tidal variation). Such large-scale comparisons would,

however, be compromised if measures of intertidal

MBP abundance are affected by temporal variation

throughout periods of low tide. When such variation is

not considered, large-scale, seasonal or inter-annual

comparisons would be confounded (e.g. Jenkins et al.,

2001).

Many intertidal micro-algae in soft sediments have

diel and/or tidal migratory behaviour and complex

periodicities controlled by availability of light and

timing of emersion (Round & Palmer, 1966; Serôdio

et al. 1997; Perkins et al., 2003). Although Lamonta-

gne et al. (1989) suggested that migration by MPB on

rocky substrata is unlikely, some species of diatoms

are endolithic and migrate in the rock (Houpt, 1994).

Migratory patterns (usually upward migration during

periods of emersion during daylight hours; Round &

Palmer, 1966; MacIntyre et al., 1996) have been also

observed primarily in muddy estuaries which are often

dominated by diatoms (e.g. Blanchard et al., 2001;

Tolhurst et al., 2003). Composition of MPB assem-

blages does, however, vary globally. For example, in

south-east Australia, rocky shores are often dominated

by cyanobacteria (Jackson et al., 2010) and estuaries

may have patches of filamentous green algae (Chap-

man & Tolhurst, 2004, 2007), which are not migra-

tory. Dominance by these algae in mangrove forests

may explain Tolhurst & Chapman’s (2005) results that

there was little effect of time of low tide or time during

a tidal cycle on concentrations of chlorophyll.

Intertidal systems have emersed and submersed

conditions twice daily. Changes in environmental

conditions associated with the tide (e.g. temperature,

light, water-content, abrasion, etc.) can be stressful to

MPB (Joint et al., 1982; Helmuth et al., 2002; Perkins

et al., 2003; Easley et al., 2005). Although many

studies have shown spatial and temporal variations in

chlorophyll (e.g. Blanchard, 1990; Thompson et al.,

2004) and photosynthetic activity (e.g. measured by

PAM fluorescence; Jesus et al., 2005; Serôdio et al.,

2005; Tolhurst et al., 2006), the reasons for these

variations are not always clear. They are, however,

potentially confounded by variations in the timing of

sampling relative to the state of the tide. For example,

physiological and physical factors that vary during

emersion/submersion (Serôdio et al., 1997; Perkins

et al., 2001; Cohn et al., 2003; Roncarati et al., 2008;

Coelho et al., 2009) affect these measurements and the

timing of sampling is not consistent across sites or

larger time-scales. If there is substantial variation from

one time to another during the period since the tide

fell, it is important to standardise the timing of

sampling or to sample at several defined times

throughout low tide to be able to compare data from

one time or place to another. Otherwise, any difference

from time to time (e.g. season to season) may simply

reflect differences at different stages of the low-tidal

cycle. Despite this requirement, most studies of large-

scale temporal patterns in MPB biomass have simply

reported that sampling was done ‘during low tide’,

without any further information on the timing relative

to the state of the tide. Thus, we do not currently know

how representative any of these measures of MPB are.

Knowing whether, where and when measurements of

MPB biomass change during a tidal cycle is therefore

essential for planning sampling that is to be compa-

rable across studies or across large spatial or temporal

scales.

Methods for sampling and quantifying MPB

involve technical difficulties and are time-consuming,

particularly on hard substrata (Underwood, 1984b;

Hill & Hawkins, 1990; Nagarkar & Williams, 1999).

Therefore, rapid, non-destructive methods, such as

field spectrometry (Murphy et al., 2005a), digital

infra-red photography (Murphy et al., 2004; Murphy

et al., 2006) and pulse amplitude modulated (PAM)

fluorometry (Serôdio et al. 1997; Honeywill et al.,

2002; Consalvey et al., 2005; Jesus et al., 2005), have

been developed. PAM is a rapid and widely used

method, also suitable in systems (such as Mediterra-

nean or Baltic microtidal habitats) where the presence

of water (e.g. from wave-splash, seepage from rock

pools, run-off, etc.) can prevent the use of alternative

non-destructive methods for estimates of MPB abun-

dance. Values of Fo
15 (minimal fluorescence after
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15 min dark adaptation) have been positively corre-

lated with amounts of chlorophyll a and biomass of

MPB (Serôdio et al., 1997; Honeywill et al., 2002).

We used PAM fluorometry to investigate in situ

changes in minimal fluorescence (Fo
15) on a rocky

shore and on an estuarine mudflat during periods of

emersion, to test the hypothesis that fluorescence

would vary throughout the period between the fall and

the subsequent rise of water during a low tide. We

predicted more change (if any) in the sediments, where

motile micro-algae were more likely to be present and

could more easily migrate vertically compared to the

rocky shore. A decrease in fluorescence on the rocky

shore was observed as the tide fell and an increase

when it rose (see ‘Results’ section). We proposed the

explanation that changes in Fo
15 were caused by

surficial water. This was examined experimentally.

On the mudflat, fluorescence decreased during emer-

sion, so we tested whether this was due to water in the

surface of the sediment via experiments in which

water was either added during low tide or was

removed by draining the sediments.

Materials and methods

Studies were done on a rocky shore in the Cape Banks

Scientific Marine Research Area, Botany Bay (here-

after CB; 33�5905400S; 151�1403900E) and on two

estuarine mudflats at Tambourine Bay (hereafter TB;

33�4904100S; 151�09000E) and Fig Tree Bridge (hereaf-

ter FTB; 33�4904400S; 151�0804400E) in Sydney

Harbour, NSW. In these areas, tides are semidiurnal

with a maximal range of *2 m. At Cape Banks, rocky

epilithic assemblages were dominated by cyanobac-

teria; in addition, spectral signatures were never

similar to assemblages of diatoms (Jackson et al.,

2010). During a study of chlorophyll distribution on

the Fig Tree Bridge and Tambourine Bay mudflats in

Sydney harbour (Murphy et al., 2005b), the shape of

the spectra and the peak at green wavelengths

indicated that MPB assemblages were dominated by

green algae (mostly filamentous green algae, which

were distributed on the surface of and in between

grains of sediment in the upper few millimetres of the

sediment surface) (R. Murphy, pers. comm.). The

upper millimetres of the sediment surface has a grain

size \63 lm (corresponding to mud) of 24% at

Tambourine Bay and 29% at Fig Tree Bridge.

Rocky shore

At CB, two randomly selected sites (stretches of

*10 m, about 200 m apart) at each of two heights on

the shore were used. The first (‘Mid’, about 1.6 m

above Chart Datum) was approximately in the middle

of the vertical distribution of an intertidal assemblage

of species dominated by grazing molluscs (Under-

wood, 1980), the most common of which were the

limpet Cellana tramoserica (Sowerby) and the snails

Bembicium nanum (Lamark) and Nerita atramentosa

(Reeve). The second height (‘Low’, about 1.4 m

above Chart Datum) was where there were more

macro-algae, mostly the encrusting red Hildenbrandia

rubra (Sommerfelt) Meneghini and brown Ralfsia

verrucosa (Areschoug) Areschoug algae. At each site

and height, four patches (30 9 25 cm) were scrubbed

with hydrochloric acid in November 2006 to remove

all organisms so that measurements of fluorescence

from epilithic MPB were not confused by encrusting

macro-algae (Underwood, 1984b). The cleared space

was rapidly recolonised by MPB (Murphy et al., 2006)

and at 6 months, the reflectance spectra indicated that

patches were still colonised by cyanobacteria and

possibly some diatoms (R. Murphy, pers. comm.) with

no macro-algae.

Observational study

On March 28th 2007, three replicate measures of

fluorescence were taken in each of three ‘Mid’ patches

at one site. Patches were sampled every 5 min, starting

when the rock was exposed by the ebbing tide and

finishing when the patches were wetted by the rising

tide. Care was taken to ensure that the same areas of a

patch were not sampled twice.

Experimental addition of water

An experiment to test the effect of surficial water on

fluorescence were done on April 13th and then

repeated on May 14th, 2007. At each site and height,

two patches were randomly allocated to each of

Control and ?Water treatments. Control treatments

were allowed to dry naturally, and ?Water treatments

were kept wet throughout low tide by adding seawater

from a tank via a perforated rubber hose. Water flow

was maintained at a rate that ensured the entire patch

was covered by a thin film of water. Fluorescence
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(n = 3) was measured in each patch six times: just

before emersion (B; approximately 1 h before emer-

sion), early during emersion (E; approximately

5–10 min after emersion), twice in the middle of

emersion (M1 and M2; approximately 1–1.30 and

2–2.30 h after emersion, respectively) just before the

patches were wetted by the rising tide (L; approxi-

mately 3–3.30 h after emersion) and finally just after

the rising tide covered the patches (A; approximately

5–10 min after water covered the plot; Table 1). The

precise timing of sampling differed among patches,

due to sampling constraints and differences in eleva-

tion (hence differences in the times of emersion and

submersion).

Mudflat

Observational study

Changes in fluorescence during emersion were first

measured on an intertidal mudflat at TB on March

15th, 2007. Replicate measurements (about 50 cm

apart; n = 168) were taken every 2–5 min at the same

height along a 40-m stretch of shore, starting just after

the tide receded and finishing before the water covered

the substratum. The same areas were not sampled

twice.

Experimental addition of water

The first experiment to test the effect of presence of

water on fluorescence was done on May 15th, 2007, in

similar habitat at FTB. In each of two sites (40 m long,

5 m apart), 42 areas of sediment (150 mm in diameter)

were selected at the same height. These were ran-

domly allocated to Control and ?Water treatments.

Controls were allowed to dry naturally, and ?Water

treatments were kept wet throughout the low tide, by

retaining water in surrounding plastic rings (150 mm

in diameter, 200 mm high) pushed 100 mm into the

mud before the tide ebbed. These were replenished

with water as required. Previous experiments had

demonstrated that the rings themselves did not affect

the fluorescence of algae [mean Fo
15 in unmanipulated

sediment = 429 (±SE 26, n = 3); mean Fo
15 in

sediment inside plastic rings = 416 (±SE 30,

Table 1 Summary of the experimental designs

Rocky shore

Experimental addition of water (on April 13th and then repeated on May 14th, 2007)

Site = Sa Random, 2 levels (Site 1, Site 2) Orthogonally factorial

Height = H Fixed, 2 levels (Mid, Low)

Time Fixed, 6 levels (B, E, M1, M2, L, A)

Treatment = Treat Fixed, 2 levels (Control, ?Water)

Patch Random, 2 levels (Patch 1, Patch 2) Nested within S 9 H 9 Treat

Replicate Random, 3

Soft sediment

Experimental addition of water (on May 15th, 2007)

Site = S Random, 2 levels (Site 1, Site 2) Orthogonally factorial

Time Fixed, 7 levels (B, E, M1, M2, M3, L, A)

Treatment = Treat Fixed, 2 levels (Control, ?Water)

Replicate Random, 3

Draining experiment (on May 29th, 2007)

Time Fixed, 3 levels (E, M, L) Orthogonally factorial

Treatment = Treat Fixed, 2 levels (Control, Drained)

Replicate Random, 5

B = just before the mud was emersed; E = early after emersion; M1, M2 and M3 = at three times in the middle in the period of

emersion; L = late in the period of emersion; A = just after the water covered the substratum
a On April 13th, the experiment was done only at Site 1
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n = 3)]. Times were: just before the mud was emersed

(B; approximately 5–10 min before emersion), early

(E; approximately 10–20 min after emersion), at

three times in the middle (M1, M2 and M3; approx-

imately 1, 2 and 3 h after emersion, respectively), late

(L; approximately 4 h after emersion) during the

period of emersion and finally just after the water

covered the mud again (A; approximately 10 min after

being covered). The fluorescence for each area was

calculated from the mean of three measurements in

each plot (Table 1).

Experimental draining

An experiment to investigate the effect of desiccation

of sediment on fluorescence was done on May 29th,

2007, at one of the two sites at FTB. There were two

treatments: 15 cores of sediment (7 cm in diameter,

5 cm deep) were drained during a low tide (Drained)

and 15 cores were left as Controls. The drained cores

were removed from the mudflat at the start of low tide

and placed on a rigid mesh sheet raised above the

substratum. The sediment was coherent, and the cores

did not disintegrate. The surfaces of the cores were not

touched during this procedure. This treatment let the

sediment drain faster than the Control cores which

were left in situ. At each of three times [Early (E;

approximately 15 min after emersion), Mid (M;

approximately 1.3 h after emersion) and Late (L;

approximately 3 h after emersion)], fluorescence was

measured in five randomly chosen cores of each

treatment (Table 1).

Measurement of fluorescence

Algae were dark-adapted for 15 min (Kromkamp

et al., 1998; Honeywill et al., 2002) and minimal

fluorescence (Fo
15) measured with a PAM fluorometer

(Diving PAM, Walz, Germany; used settings:

MI = 12, G = 9). The probe was kept at 4 mm above

the substratum and measured an area of approximately

24 mm2. The zero offset (measurement of background

signal without a sample) was done by pointing the

fibre-optic cable at the sky away from the sun. Where

two fluorometers were used concurrently on the rocky

shore, they were cross-calibrated using measurements

of fluorescence standards to ensure comparability of

data between devices. Correlations were linear and

strong (e.g. r = 0.99, d.f. = 8, P \ 0.001).

Results

Rocky shore

Observational study

Minimal fluorescence (Fo
15) decreased rapidly when

micro-algae were first emersed, remained nearly

constant during low tide and then increased rapidly

again when the substratum was wetted by the rising

tide (Fig. 1).

Experimental addition of water

In general, decreases in Fo
15 were smaller where the

experimental rock surfaces were kept wet through the

low tide than in controls which dried (Fig. 2).

On April 13th, one PAM developed a fault, so data

were only collected from one site in the first run of the

experiment. There was a significant interaction

between Time and Patch (Treatment) (ANOVA;

F20,96 = 2.31, P \ 0.01); but the patterns of change

among patches were similar for each treatment,

differing only in magnitude. SNK tests on the

significant interaction between Time and Treatment

(F5,5 = 4.32, P \ 0.01) showed less fluorescence in

Control samples between M1 and L than at other times

(Fig. 2a), but this was not the case in patches where
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Fig. 1 Individual Fo
15 from micro-algae on a rocky shore (CB;

Site 1, high level) every 5 min during a diurnal low tide, starting

when patches were still slightly submerged and finishing just

after they were covered again by the rising tide. Low tide was at

11.25 a.m. on 28/03/2007. For this and the subsequent two

figures, fluorescence is plotted against the time (min) elapsed

since the start of the experiment and grey shading indicates

when experimental patches were emersed
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water was added. At Times M2 and L, fluorescence in

Control patches was significantly less (P \ 0.05) than

in ?Water patches (Fig. 2a). It is worth noting that, at

the High height, values of Fo
15 were very small (\100)

during the emersion period (i.e. between Times E and

L), so that results have to be interpreted with caution.

In the second run of the experiment, fluorescence

varied between sites and heights on the shore (a

significant interaction Height 9 Site 9 Treatment 9

Time, F5,187 = 4.59, P \ 0.01). In Controls at Site 2,

Fo
15 was greater when the substratum was wet (at the

beginning and end of the experiment) than during

emersion (Fig. 2b). This was similar at Site 1,

although differences were not statistically significant

(Fig. 2b). When Control patches were dry (i.e.

between Times E and L), measurements of Fo
15 were
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Fig. 2 Mean (±SE; n = 3)

Fo
15 values in control (filled

circle) and ?Water (open
circle) treatments on a rocky

shore (CB) at different

Times (B = before

emersion, E = early,

M1 = middle 1,

M2 = middle 2, L = late in

the emersion period,

A = after the rising tide re-

covered the patches) for

a April 13th 2007, low tide

at 11.05, one site and b May

14th 2007, low tide at 11.50,

two sites. Different letters
indicate means that differed

significantly among times

(P \ 0.05) for Control

patches. Asterisks indicate

means that differed

significantly between

Control and ?Water

treatments (*P \ 0.05;

**P \ 0.01)
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generally larger in the ?Water treatment than in the

Controls. In 13 of the 16 comparisons (2 Heights, 2

Sites and 4 Times [E, M1, M2, L]), Fo
15 was

significantly greater in ?Water than in Controls (at

P \ 0.05 in SNK tests). The probability of 13 of 16

cases in the same direction is small (P \ 0.05,

Binomial test).

In some analyses, variances were heterogeneous

among samples, but results were considered interpret-

able because of the large number of degrees of

freedom in the analyses (Underwood, 1997). At the

last time of sampling (A) on the rocky shore, some

dark adaptation chambers were washed away by large

waves. To maintain a balanced design, missing data

were replaced by the mean value obtained from the

remaining replicates in the same treatment; the

number of degrees of freedom was correspondingly

reduced (Underwood, 1997).

Mudflats

Observational study

At TB, fluorescence decreased slightly and became

less variable as the period of low tide progressed

(Fig. 3a), although data were only collected dur-

ing the period of emersion and it was not possible

to see whether fluorescence increased again on

re-submersion.

Experimental addition of water

At FTB, maintaining overlying water during low tide

showed no interactions among Site, Treatment and

Time, so non-significant interactions (P [ 0.25) were

pooled (Underwood, 1997). Fo
15 slightly decreased

during low tide (ANOVA, F6,69 = 3, P \ 0.05;
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Fig. 3 a Individual Fo
15

from micro-algae on an

estuarine mudflat (TB)

every 2–5 min during a

diurnal low tide (at 11.45, on

March 15th 2007), starting

after emersion and finishing

just before sediment was

covered by the rising tide.

b Mean (±SE; n = 3) Fo
15 in

Control (filled circle) and

?Water (open circle)

treatments on the mudflat

(FTB) at different Times

(B = before emersion,

E = early, M1 = middle 1,

M2 = middle 2,

M3 = middle 3, L = late in

the emersion period,

A = after the rising tide re-

covered the patches) on May

15th 2007, low tide at 12.30
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Fig. 3b), although SNK tests were unable to detect the

differences among times. In contrast to the rocky

shore, fluorescence did not increase when the Control

sediment was covered again by the tide. Values of Fo
15

were consistently and significantly greater (F1,69 =

13.0, P \ 0.01; Fig. 3b) in Controls than in ?Water

treatments, which was opposite to the prediction,

although both treatments decreased during low tide.

Thus, there was no support for the model that the

absence of water overlying the sediment during low

tide decreases the measures of Fo
15 in these MPB.

Experimental draining

When samples of sediment were drained, Fo
15 was

smaller than in Control samples (F1,24 = 4.89,

P \ 0.05) and, again, measures decreased during the

period of emersion (Time: F2,24 = 3.97, P \ 0.05;

Beginning [ Middle = Late, SNK tests at P = 0.05).

Towards the end of low tide, fluorescence of Control

samples increased slightly, whilst fluorescence in

Drained samples continued to decrease (Fig. 4),

although these trends were not significant.

Discussion

Methods of measuring fluorescence, for example, to

estimate MPB biomass that do not depend on the time

of collection relative to the time of day or tidal

conditions are fundamentally important. In intertidal

habitats, numerous environmental variables at the

surface of the substratum are likely to change with

cover of water, e.g. temperature (especially of the

rock, Helmuth & Hofmann, 2001), light, moisture, gas

supply and pH. Each of these may affect photosyn-

thetic reactions, such as non-photochemical quench-

ing (NPQ), as a consequence of photo-inhibition

(Falkowski & Kiefer, 1985; Hanelt, 1992; Henley

et al., 1992; Hader et al., 1997). Desiccation of algae

has been demonstrated to cause reductions in fluores-

cence (e.g. Dring & Brown, 1982; Huppertz et al.,

1990; Ji & Tanaka, 2002, Coelho et al., 2009) and

measures of MPB using spectrometry on muddy

sediments (Coelho et al., 2009), but not using field

spectrometry or digital imaging on rock platforms

(Murphy et al., 2006). Resuspension of algae in the

water above the sediment (Heckman, 1985) may

decrease fluorescence, whilst compaction of sediment

during de-watering (Perkins et al., 2003) can increase

concentrations of micro-algae.

Here, we examined variation in in situ fluorescence

emitted by MPB during a single tidal cycle, because

many physiological and physical processes indicated

that fluorescence might vary at this scale. For example,

although previous studies in soft sediments have

shown Fo
15 to be strongly correlated with biomass of

MPB (Serôdio et al., 1997; Honeywill et al., 2002),

Jesus et al. (2006) warned against sampling at the end

of the period of emersion, after showing that differing

tendencies of algae to migrate can lead to biased

estimates of biomass. Although vertical migration of

MPB on rocky substrata may be less important

(Lamontagne et al., 1989), tube-dwelling diatoms

can move in a mucilaginous sheath (Houpt, 1994),

thus affecting the distance from the sensor and hence

intensity of fluorescence. In addition, some boring

cyanobacteria (forming both epilithic and endolithic

filaments) are present on intertidal rock surfaces

(Golubic, 1969).

On a rocky shore, we showed that in situ fluores-

cence emitted by MPB changed little, on average,

during most of the period of low tide (Figs. 2, 3).

There was, however, a sharp decrease in Fo
15 as the

water drained, and an increase immediately after the

rock was wet again by the rising tide. We demon-

strated experimentally that this was due to the loss and

addition of surficial water, thus excluding the possi-

bility of an effect solely due to endogenous circadian

or tidal rhythms on photosynthetic activity (Suzuky &

Minutes
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Fig. 4 Mean (±SE; n = 5) Fo
15 in Control cores (filled circle)

and experimentally drained cores (open square) on a mudflat

(FTB) during low tide (at 12.00) on May 29th 2007
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Johnson, 2001). In fact, although changes in abiotic

factors (e.g. desiccation, pH, gas supply), vertical

migration and/or NPQ processes could possibly

decrease Fo
15 values during the period of emersion in

Control patches, in most of the cases, the presence of

water reduced this effect. In addition, it is worth

stressing that our rocky MPB assemblages were

strongly dominated by cyanobacteria (Jackson et al.,

2010), which are known to modulate excessive light

harvesting processes mostly through state transitions

(Campbell et al., 1998). Although NPQ processes in

these organisms can be activated by high levels of blue

light (see the review by Bailey & Grossman, 2008),

this was not the case for our study, as the Diving PAM

excited fluorescence by pulse modulated red light.

Last, but not least, it is important to note that the

observed increases in Fo
15 values in Control patches,

from just before to just after the water covered them

(Fig. 2a and b, see Late and After times), are unlikely

to be due to decreases in PAR (photosynthetically

active radiation) values. In fact, in both runs of the

experiment, the difference in time between the two

measurements was about half an hour (and measure-

ments were taken approximately between 2 and 3

p.m.), which is a very short period of time in

comparison to the total length of the dry period, which

encompassed about 4 h (approximately between 10

a.m. and 2.30 p.m.), during which MPB experienced

greater changes in PAR values.

On rocky shores, the time of sampling during low

tide may have little influence on measures of fluores-

cence as long as the substratum is dry. Wetness (e.g.

from wave-splash, seepage from rock pools, run-off,

rainfall, etc.) may have large consequences for any

comparisons. For example, comparisons of MPB

biomass at different heights on a shore or between

sheltered and exposed sites may be confounded if low

shore or wave-exposed sites are consistently wetter

than high shore or sheltered sites. We are, however,

not aware of studies using PAM on rocky shores that

have considered surface moisture when sampling,

although Murphy et al. (2006) demonstrated clearly

that surface films of moisture do not affect measures of

MPB biomass using field spectrometry or digital

imaging. This suggests that surface water does not

affect the behaviour of the algae (i.e. NPQ processes or

vertical migration) on rock surfaces, but seems to

affect directly the measures made by the PAM, i.e. the

relationship between MPB biomass and Fo
15. Recent

measurements on a Mediterranean temperate rocky

shore showed that the relationship between biomass of

MPB (estimated as lg chl a/cm2) and Fo
5 varied on wet

versus dry sandstone rock surfaces (equations from

Maggi et al., unpublished data; wet surface: MPB

biomass = 0.004 � Fo
5 ? 0.26; dry surface: MPB

biomass = 0.013 � Fo
5 ? 0.32).

On soft sediments, changes in the fluorescence

during low tide differed from those on the rocky shore.

Here fluorescence slightly decreased during emersion;

it is worth noting, however, that this result was mainly

in the ‘?Water’ treatment. Although this is in contrast

to some studies (Serôdio & Catarino, 2000; Jesus et al.,

2005; Tolhurst et al., 2006), which showed increases

in fluorescence during low tide, the lack of changes in

Control plots during low tide agrees with past

experiments at the same location (Tolhurst & Chap-

man, 2005). Other authors (Easley et al., 2005)

showed that diatoms in a sandy beach did not always

migrate vertically during low tide. Here, we cannot

exclude an interactive effect between vertical migra-

tion of algae and NPQ processes (Falkowski & Kiefer,

1985). Upward migration in Controls during the

period of low tide was, however, very unlikely at

these sites, due to a relative scarcity of migratory

micro-algae (Chapman & Tolhurst, 2004, 2007). As a

consequence, we should expect only a possible

decrease in Fo
15 values, due to NPQ processes, only

in the Control in comparison to the ?Water plots (if

the presence of some centimetres of water in ?Water

treatments protected MPB from NPQ processes) or in

both Control and ?Water plots (if the presence of

water did not protect MPB). None of the two

alternatives were in accordance with our results. The

addition of water may have slightly decreased Fo
15

values because of resuspension of MPB (Heckman,

1985). Easley et al. (2005) proposed that this would

happen with the arrival of water as the tide rose. More

interestingly, experimental draining of the sediment

decreased Fo
15 relative to sediment in situ. This pattern

was observed at approximately the same time (around

1.30–2 pm) as the M2 time of the previous experi-

ment, when no changes in Fo
15 values were observed.

Thus, although not excluding the occurrence of NPQ

processes in this habitat, this result clearly shows that

the absence of moisture can decrease fluorescence in

soft sediments if the sediment dries out, e.g. during

exceptionally low spring tides on particularly hot and

dry days. This is in accordance with the negative effect
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of desiccation on measures of fluorescence found by

Coelho et al. (2009) in a laboratory study. This would

cause a similar pattern to that shown on the rocky

shore and also suggests that positive effects of

compaction of sediment on fluorescence values are

weak or non-existent in this estuary. Data from the

same location used here showed a good correlation

between MPB biomass and Fo
15 at two sites during the

middle of low tide (with r2 values of 0.6 and 0.7,

unpublished data). This means that, as on a rocky

shore, moisture content of the sediment can affect the

relationship between biomass and Fo
15. The relation-

ship varied not only from the middle to the end of the

period of low tide (which could be due, again, both to

NPQ processes and drainage), but also between sites

(which probably differ in the amount of moisture of

the sediment, despite their apparent similarity). Thus,

on soft sediments, the time during the low tide period

when one samples using PAM may provide different

results depending on the amount of drainage. This

varies a lot from place to place on a mudflat,

depending on compaction of the sediment, the mix

of grain-sizes and small micro-topographic features

caused by environmental conditions or actions of

biota.

Conclusions

The two studies described here emphasized the need to

sample representatively when using PAM (e.g. to

estimate MPB biomass) during low tide. On rocky

shores and in soft sediments, it is important to consider

the wetness of the substratum. If this cannot be kept

consistent across larger temporal scales, it may be

important to stratify sampling to incorporate wet and

dry patches of habitat or to collect enough samples at

each time to ensure that samples are representative of

the range of conditions at each time. The latter method

would then allow comparisons at different states of the

tidal cycle. On rocky shores, the timing of sampling

during low tide did not seem to affect the results as

long as the substratum was dry. As a consequence, in

conditions where the presence of water (e.g. from

wave-splash, seepage from rock pools, run-off, etc.)

cannot be avoided, the rock surface should be

dampened manually, to guarantee that measurements

are comparable. Timing of sampling during emersion

appears to be more important in sediments than on

rock, although this can vary among habitats. In this

case, it is probably more difficult to ensure a compa-

rable moisture of the sediment both among sites and

times during low tide, without altering other charac-

teristics of the sediment (such as micro-topography,

compaction of sediment, micro-spatial variability of

MPB). In this case, stratification of sampling and

increasing the number of samples at each time during

low tide is probably the only way to ensure represen-

tativeness of sampling.

In conclusion, when using PAM methodology to

estimate MPB biomass, it will be necessary to

demonstrate that the time since emersion does not

affect the results obtained, rather than simply assume

that it does not. All of this indicates that as much

thought needs to go into considering small temporal

scales of sampling on PAM measurements as has gone

into considering small-scale spatial variation. Further

investigations are needed to clarify the physiological

and/or physical changes occurring inside the MPB

cells and/or in the first millimetres of the substratum

(rock, mud or sand), which are causing a change in the

relationship between fluorescence and MPB biomass

in the presence of different amounts of water.
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