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a b s t r a c t

Diurnal and seasonal variations in temperature, salinity, oxygen concentration, carbonate chemistry
parameters and nutrient concentrationweremonitoredwithinmid-tidal rockpools on the north-western
coast of Brittany, France.We also examined the importance of rockpool physical characteristics (e.g. shore
height, surface, volume and depth) on the physico-chemical variability. Rockpool shore height and depth
appeared as themain physical factors driving physico-chemical variations. Shallowupper shore rockpools
exhibited the largest diurnal and seasonal fluctuations of temperature, oxygen concentration and pHT.
Conversely, deeper and lower shore rockpools experienced weaker variations, excepted for salinity
and nutrient concentrations. The physico-chemical environment was likely to be strongly influenced
by rockpool community composition, especially in summer when rockpools were colonized by dense
canopy-forming algae. During the day-time emersion, photosynthesis increased oxygen concentration
and pHTbut decreased nutrient concentrations in upper shore rockpools. The increase in rockpool pHT
provided an alkaline environment conducive to coralline algal calcification. Conversely, at night, upper
shore rockpools presented a strong decrease in oxygen concentration and pHT due to the high com-
munity respiration, increasing the dissolution in coralline algae. Therefore, rockpools are characterized
by complex interactions between physical and chemical parameters and biological processes. Rockpools
appear as suitable environments to examine the physiological processes set up by species to face natural
variability, especially in a context of climate change.

* Corresponding author.
E-mail address: erwann.legrand@sb-roscoff.fr (E. Legrand).

1. Introduction

Intertidal communities are exposed to a dynamic environment
influenced by tidal flooding (Widdows and Brinsley, 2002). Or-
ganisms living at the interface between land and sea are exposed
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to consecutive periods of emersion and immersion. During low
tides, organisms undergo harsh environmental conditions char-
acterized by high temperature variations and solar radiation, low
humidity and windy conditions (Martínez et al., 2012; Tomanek
and Helmuth, 2002). These physical conditions take species close
to their physiological thresholds (Fernández et al., 2015), through
a rapid desiccation and damages to photosynthetic and cellular
components (Collén and Davison, 1999; Hoffman et al., 2003).

On the sea shore, rockpools are patchy depressions which re-
tain seawater during low tide. This intertidal marine environment
acts as refuge for many intertidal species (Underwood and Jer-
nakoff, 1984; Zander et al., 1999), due to the lower amplitude of
physico-chemical fluctuations compared with emerging substrate
(Metaxas and Scheibling, 1993). However, physico-chemical vari-
ations within rockpools remain much greater than those of near-
shore seawater (Morris and Taylor, 1983). Strong diurnal and sea-
sonal variations in rockpools have been recorded for temperature,
oxygen concentration, pH and salinity (Daniel and Boyden, 1975;
Morris and Taylor, 1983), but never in terms of whole carbonate
chemistry and nutrients. In addition to temporal variations, rock-
pool physico-chemical parameters are highly variable in space,
depending mainly on the wave exposure and the shore height
(Firth et al., 2013; Martins et al., 2007).

Rockpools are also characterized by strong interactions be-
tween physico-chemical parameters and biological processes
(Benedetti-Cecchi et al., 2000; Underwood and Jernakoff, 1984).
In particular, species distribution and abundance are controlled
by both abiotic factors (Huggett and Griffiths, 1986; Metaxas
and Scheibling, 1993; Truchot and Duhamel-Jouve, 1980) and
species interactions, such as herbivory, predation and competition
(Metaxas and Scheibling, 1993). The high productivity observed in
these habitats is mostly explained by the diversity of seaweeds
(Araujo et al., 2006) and invertebrates (Ganning, 1971) which
develop in rockpools (Firth et al., 2014).

In this context, the present study aims to (1) quantify diurnal
and seasonal variations in multiple physico-chemical parameters
(e.g. temperature, salinity, oxygen concentration, carbonate chem-
istry and nutrient concentration), which naturally occur within
intertidal rockpools and (2) assess the importance of rockpool
physical characteristics (e.g. shore height, surface, volume and
depth) on the physico-chemical variability. Seasonal variations
within rockpools were examined over a period of 14 months, dur-
ing which two diurnal monitoring of physicochemical parameters
were carried out, one in the winter and one in the summer. Finally,
the composition of the community present in each rockpool was
examined in the winter and the summer to better understand
the influence exerted by biotic factors on the physico-chemical
variability.

2. Materials and methods

2.1. Seasonal monitoring

From January 2015 toMarch 2016, 5 rockpools weremonitored
every 2 weeks during spring tides under fair weather conditions.
Rockpools were situated in a rocky shore at the Bloscon site in
Roscoff, Brittany, France (48◦43’28N 03◦58’08W). Rockpoolsmoni-
toredwere distributed at different heights above chart datum (C.D.,
Table 1) in the mid-tidal zone and were colonized by coralline
algae, non-calcareous algae and associated fauna (Fig. 1). All se-
lected rockpools were filled with seawater at each high tide and
were isolated from the sea at each low tide. Selected rockpools
presented different volumes and depth to assess relationships
between physical structure, physico-chemical variability and as-
semblage composition.

Measurements of temperature, dissolved oxygen concentra-
tion, pHT (pH expressed on the total hydrogen ion concentration

scale) and salinity were performed at different locations across
of each rockpool, using a multimeter (HQ40D, Hach Lange, Ltd
portable LDO). All measurements and samples were made at the
end of the emersion of rockpools, just before they were covered
by the tide. Throughout the year, measurements were made at
the same positions and depth in each rockpool and seawater was
homogenized before eachmeasurement. Seawater pH and temper-
ature measurements were realized using a probe associated with
a temperature sensor with an accuracy of 0.3 ◦C and 0.02 pH units,
respectively (PHC101, Hach Lange, IntelliCAL). The pH probe was
calibrated using Tris/HCl and 2-aminopyridine/HCl buffers (Dick-
son et al., 2007). Dissolved oxygen concentrations (mg L−1) were
measured with a luminescent dissolved oxygen probe (LDO101,
Hach Lange, IntelliCAL) with an accuracy of 0.02 mg L−1 and con-
verted to oxygen concentrations in µmol L−1. Salinity was deter-
mined using a conductivity probe (CDC401, Hach Lange, IntelliCAL,
accuracy of 0.1). Seawater sampleswere also taken in the rockpools
for total alkalinity (AT) measurements. 60mL seawater samples for
AT analyseswere filtered through 0.7µmWhatmanGF/F filters and
poisoned with a mercuric chloride solution to prevent biological
activity (Dickson et al., 2007). AT was determined by an open-
cell titration on an automatic titrator (Titroline alpha, Schott SI
Analytics, Mainz, Germany) according to themethod developed by
Dickson et al. (2007). AT was calculated using a Gran function ap-
plied to pH values ranging from 3.5 to 3.0 (Dickson et al., 2007) and
corrected using standard reference material provided by Andrew
G. Dickson (CRM Batch 111). Saturation state of seawater with
respect to aragonite (ΩAr) and saturation state of seawater with
respect to calcite (ΩCa) were calculated from pHT, AT, temperature
and salinity using the CO2SYS software (Lewis andWallace, 1998),
using constants from Mehrbach et al. (1973) refitted by Dickson
and Millero (1987). Nitrite (NO−

2 , µmol L−1), nitrate (NO−

3 , µmol
L−1), phosphate (PO3−

4 , µmol L−1) and silicate (Si(OH)4, µmol L−1)
concentrations were monitored once a month. For NO−

2 , NO
−

3 and
PO3−

4 measurements, 60 mL of seawater was sampled and filtered
through 0.7 µm Whatman GF/F filters in 100 mL plastic contain-
ers. Then, samples were frozen (−20 ◦C) pending analyses. For
Si(OH)4, 60 mL seawater samples were filtered through 0.8 µm
Millex cellulose ester filters in 100 mL plastic containers and were
kept refrigerated pending analyses. Nutrient samples were mea-
sured using a AA3 auto-analyzer (Seal Analytical) according to the
method of Aminot and Kérouel (2007), with an accuracy of 1 nmol
L−1 for NO−

2 , 0.02 µmol L−1 for NO−

3 , 1 nmol L−1 for PO3−
4 , and 0.01

µmol L−1 for Si(OH)4. Seasonal physico-chemical parameters were
compared with those of near shore seawater (when available),
obtained from SOMLIT (Service d’Observation en Milieu LITtoral,
INSU-CNRS) station, located in the Estacade site in Roscoff.

2.2. Diurnal monitoring

Among the five rockpools chosen for the seasonal monitoring,
three of them were selected for diurnal measurements (rockpools
2, 4 and 5, Table 1). Two 24-h monitoring were realized during
spring tides, in summer (September 3rd, 2015) and in winter
(March 10th, 2016). Measurements of temperature, pHT, oxygen
concentration, salinity and AT were realized every hour during the
emersion period, and ΩAr and ΩCa were calculated as described
above. Near shore seawater was also monitored and sampled just
before and after the emersion period. All samples were analyzed as
described above.

2.3. Community composition

After the one-year monitoring, biomass sampling was realized
in the 5 rockpools in summer and in winter. 10 × 10 cm quadrats
were randomly placed in rockpools and all the seaweeds and



Table 1
Physical characterization of the five rockpools monitored for seasonal variations at the Bloscon site in Roscoff (Brittany, France). Mean emersion duration was calculated
from the water height obtained from the ‘‘Service Hydrographique et Océanique de la Marine (SHOM)’’. Surface area is the surface of water measured at low tide from
pictures. Min and max emersion duration were determined over January 2015 to March 2016.

Rockpool Shore
height (m)

Mean emersion
duration (h)

Min emersion
duration (h)

Max emersion
duration (h)

Surface area (m2) Volume (m3) Maximum
depth (cm)

Surface/volume ratio

1 6.4 7 h 40 7 h 01 10 h 13 2.58 0.294 23 8.77
2 6.2 7 h 20 6 h 51 9 h 22 0.54 0.063 25 8.56
3 5.8 6 h 40 6 h 33 8 h 02 0.79 0.175 31 4.50
4 4.9 5 h 30 5 h 25 5 h 47 0.57 0.087 32 6.51
5 4.4 4 h 40 3 h 55 5 h 23 1.16 0.234 46 4.95

Fig. 1. Pictures of rockpools 1 to 5 in summer (A to E) and winter (F to J). All rockpools were located in the Estacade site in Roscoff (Brittany, France).

animals in the quadrats were sampled. The number of quadrats
per rockpool depended on the size of the rockpools (4 quadrats
for rockpools 2 and 4, 5 quadrats for rockpool 3 and 8 quadrats
for rockpools 1 and 5). In the laboratory, macrofauna and seaweed
species were sorted and the main species were identified. Species
dry weight (DW) was determined after drying fresh samples at
60 ◦C for 48 h. Species were then burned for 6 h at 500 ◦C in a
furnace to obtain ash-free dry weight (AFDW; Crisp, 1984). For the
CCA L. incrustans, the biomass could not be determined precisely
without deteriorating rockpools. Therefore, the cover percent was
estimated for each quadrat and AFDW was obtained from previ-
ously established relationships between the surface covered by the
alga and the AFDW.

2.4. Data analysis

Differences in physico-chemical parameters among rockpools
were examined from seasonal data using a three-way permuta-
tional multivariate analysis of variance (PERMANOVA), based on
Euclidian distance (Anderson, 2001). PERMANOVAs were run with
4999 permutations (Anderson, 2001). These statistical analyses
were performed with the PRIMER 7 & PERMANOVA+ software
package. The Principal component analysis (PCA) was completed
using R 3.2.2 version from seasonal data. The PCA was performed
using the ‘‘factoextra’’ package to test the correlation between
environmental and physical variables and determine which vari-
ables explainmost of the space–time variability observed between
rockpools.

3. Results

3.1. Seasonal variations

The physico-chemical parameters exhibited significant differ-
ences between rockpools (PERMANOVA, F = 44.9, p <0.001,
n = 29) except between rockpools 3 and 4 (Table 2, Figs. 2
and 3). The rockpools 1 and 2 showed the largest amplitude for
all physico-chemical parameters, except for salinity and nutrient
concentrations. Conversely, the rockpool 5 presented weak sea-
sonal variations for all parameters except for salinity and nutrient

concentrations, which exhibited the largest variations. Physico-
chemical parameters showed strong differences according to sea-
sons. At the end of the emersion period, the seawater temperature
within rockpools varied from 7.9 ◦C in February 2015 in rockpool
3 to 26.9 ◦C in July in rockpool 1. Minimum oxygen concentrations
were recorded in the rockpool 5 in January 2016 (242µmolO2 L−1),
while maximum concentrations were obtained in the rockpool 1
in November, reaching 1040 µmol O2 L−1. The rockpool 5 showed
the lowest salinity in January (33.4), while the highest values were
recorded in rockpool 2 in May and August (36.6). The minimum
pHT was 7.79 andwasmeasured in rockpool 5 in January 2016. The
maximum pHT value was 10.01, recorded in rockpool 1 in April. AT
varied from 1553 µmol L−1 in early September to 2588 µmol L−1

in late January 2016 in rockpools 2 and 5, respectively. Carbonate
saturation states of seawater with respect to aragonite (ΩAr) and
calcite (ΩCa) are the lowest in rockpool 5 in January 2016 (1.3 and
2.1, respectively) and the highest in rockpool 1 in May (11.5 and
17.9, respectively).

NO−

2 concentrations varied from 0.00 µmol L−1 in August in
rockpool 1 to 0.65 µmol L−1 in early September in rockpool 5
(Fig. 3). The rockpool 1 also presented the lowest NO−

3 (0.06 µmol
L−1) and PO3−

4 (0.04 µmol L−1) concentrations in May and June,
respectively. The highest NO−

3 and PO3−
4 concentrations weremea-

sured in rockpool 5 in late January 2016 (19.65 µmol NO−

3 L−1)
and early March 2015 (1.07 µmol PO3−

4 L−1), respectively. Si(OH)4
concentrations reachedminimumconcentrations of 0.51µmol L−1

in rockpool 3 in April and maximum concentrations of 7.41 µmol
L−1 in rockpool 5 in September.

The first principal component (PC1) of the PCA was strongly
positively correlated with depth, nutrients and AT and negatively
correlated with increasing shore height, pHT, oxygen concentra-
tion and salinity (Fig. 4a). The second principal component (PC2)
indicated an opposition between temperature and oxygen concen-
tration. The different nutrients were clearly positively correlated
between them and AT, but negatively correlated with oxygen con-
centration, pHT, temperature and salinity.

From the PCA, the within-rockpool seasonal variability ap-
peared mainly driven by temperature (Fig. 4b). The rockpool 5
differed from the others through much higher nutrient concentra-
tions and AT, and lower pHT, salinity and oxygen concentrations.
Conversely, the rockpools 1 and 2 were characterized by high pHT,
salinity and oxygen concentrations, but lownutrient concentration
and AT.



Table 2
Results of PERMANOVA’s post-hoc pairwise tests performed on the physico-chemical parameters obtained from the
seasonal monitoring of the five rockpools (n = 29). Significant results are in bold (p<0.05).

Rockpool 1 Rockpool 2 Rockpool 3 Rockpool 4

t p t p t p t p

Rockpool 2 2.5 0.004 – – – – – –
Rockpool 3 3.0 <0.001 3.7 <0.001 – – – –
Rockpool 4 3.3 <0.001 2.9 <0.001 1.5 0.14 – –
Rockpool 5 11.1 <0.001 12.3 <0.001 11.0 <0.001 13.1 <0.001

Fig. 2. Seasonal variations in physico-chemical parameters within 5 rockpools monitored every two weeks during spring tides from January 2015 to March 2016. ΩAr and
ΩCa were calculated using the CO2SYS software. The near shore seawater parameters (dot line) were obtained from the SOMLIT station located in the Estacade site in Roscoff
(Brittany, France).

3.2. Diurnal variations

Diurnal variations exhibited differences among the 3 rockpools
monitored both in the summer 2015 (Fig. 5) and the winter 2016
(Fig. 6). While rockpool 1 presented high variations for all physico-
chemical parameters, variations in rockpool 5 were close to those
of nearshore seawater. Furthermore, higher diurnal amplitudes
were observed in the summer for all parameters, except for salinity
for which variations are greater in winter. In the winter, diurnal
temperature in rockpool 2 varied from 7.2 ◦C to 12.0 ◦C at the
end of night- and day-time emersion, respectively. In the summer,
temperature ranged from 13.4 ◦C at night to 20.9 ◦C at the middle
of day-time emersion.

The salinity in rockpools was higher in the summer than in
the winter. In the summer, the rockpools 2 and 3 exhibited low

salinity variations during night- and day-time emersion. Salinity
fluctuations in these rockpools were close to the values of near-
shore seawater. Conversely, the rockpool 5 presented higher vari-
ations, with a decrease in salinity until 35.0 at the end of the
emersion period. Oxygen concentrations during night-time emer-
sion reached minimum concentrations in rockpool 2, at 53 and 10
µmol O2 L−1 in the winter and the summer, respectively. During
the day-time emersion, maximum oxygen concentrations were
measured in rockpool 3 in winter (913 µmol O2 L−1 after 6 h of
emersion) and rockpool 2 in summer (955µmol O2 L−1 after 2 h of
emersion). In rockpool 5, variations in oxygen concentration were
lower than in other rockpools. A reduction in oxygen concentration
was observed during the day-time emersion in the summer. As for
oxygen concentration, pHT was constantly reduced at night down
to a minimum value was reached in rockpool 2 at the end of the



Fig. 3. Seasonal variations in nutrient concentrations within 5 rockpools monitored once a month during spring tides from January 2015 to March 2016. The near shore
seawater parameters (dot line) were obtained from the SOMLIT station located in the Estacade site in Roscoff (Brittany, France).

Fig. 4. Representation of (a) the correlation circle betweenphysico-chemical variablesmeasuredwithin each rockpool (black arrows), the physical characteristics of rockpools
(gray arrows; SH: shore height) and the two principal components and (b) contribution of the space–time measurements to the two principal components.

emersion period (7.57 and 7.49 in the winter and the summer,
respectively). During the day, maximal pHT values of 9.14 in the
winter and 9.90 in the summer were also reached in rockpool 2.
Conversely, the rockpool 5 presented low diurnal pHT variations
both in the winter and the summer. A pHT reduction was also
observed during the day-time emersion in the summer. In the
winter, AT increased at night in rockpool 2 only (maximum of
2566 µmol L−1), while in the summer the rise in AT was observed
within the 3 rockpools monitored. During the day-time emersion,
AT was strongly reduced in rockpools 2 and 3 for each season, with
extremely lowvalues reached in rockpool 2 in summer (1553µmol
L−1). As for other parameters, AT presented weak variations in
rockpool 5. The carbonate saturation state with respect to arago-
nite (ΩAr) and calcite (ΩCa) decreased at night in the 3 rockpools
monitored, for each season. During the night-time emersion, ΩAr

declined below 1 within rockpools 2 and 3, both in the winter and
the summer. Conversely, during the day-time emersion, ΩAr and
ΩCa increased significantly in rockpools 2 and 3. Maximum values
of 11 and 17were reached in rockpool 2 in the summer, forΩAr and
ΩCa, respectively. Except in the rockpool 5, in which Ω variations
were close to those of near-shore seawater.

3.3. Community composition

Regarding the floral composition, strong differences were ob-
served between rockpools and according to the season (Table 3).
L. incrustans attained the highest biomasses in rockpools 1 and 3
in winter and summer, respectively. Conversely, higher biomass of
E. elongata was recorded within rockpool 5 both in summer and
winter. Fleshy algae biomass ranged from 204.5 g AFDW m−2 to
712.3 gAFDWm−2 in summer (rockpools 2 and4, respectively) and
from 3.7 g AFDWm−2 to 228.0 g AFDWm−2 in winter (rockpools 2
and 5, respectively). In the summer, rockpool 1 was dominated by
the green algaeUlva intestinalis and the brown seaweed S. muticum
while the rockpool 2 was mainly composed by Ulva sp. In winter,
fleshy algae were nearly absent in these two rockpools. S. muticum
was the dominant fleshy alga within the rockpool 3 both in the
summer and the winter, although winter biomass was only half
that of summer biomass. In the rockpool 4, the fleshy algal biomass
was lower in winter compared with summer being mainly com-
posed by the brown alga F. serratus. The fleshy algal biomass of
rockpool 5 consisted of more diverse and sparse seaweeds. Al-
thoughUlva sp. and S.muticumwere still abundant in this rockpool,
the greater part of summer biomass corresponded to a few small
feet of Laminaria digitata. In winter, fleshy algae community was
dominated by undetermined filamentous red algae which grew on
E. elongata.



Fig. 5. Summer diurnal variations in physico-chemical parameters within 3 rockpools monitored every hours during emersion in September 2015. The near shore seawater
parameters were measured at the beginning and at the end of the emersion. ΩAr and ΩCa were calculated using the CO2SYS software. The gray section represents the period
during which all the rockpools were covered by the tide.

Table 3
Winter and summer biomasses (in grams of ash-free dry weight) of the dominant coralline and fleshy algae present in the five rockpools monitored for seasonal variations
at the Bloscon site in Roscoff (Brittany, France).

Rockpool 1 Rockpool 2 Rockpool 3 Rockpool 4 Rockpool 5

Summer

Coralline algae biomass (g AFDW m−2) 603.3 929.3 1058.6 327.6 510.1
Lithophyllum incrustans 603.3 899.5 948.5 245.3 318.2
Ellisolandia elongata 0.08 29.7 82.3 110.1 191.6
Fleshy algae biomass (g AFDW m−2) 584.2 204.5 260.2 712.3 573.3
Ulva intestinalis 285.7 42.2 40.1 – –
Sargassum muticum 250.8 7.7 79.6 105.4 123.5
Ulva sp. 28.8 136.9 29.1 85.2 69.8
Fucus serratus – 2.2 – 379.5 18.8
Chondrus crispus 10.8 0.6 17.7 77.7 0.7
Laminaria digitata – – – – 200
Other red algae 5.1 14.2 55.6 28.0 79.1

Winter

Coralline algae biomass (g AFDW m−2) 674.9 599.9 695.7 183.1 338.6
Lithophyllum incrustans 674.9 593.6 654.8 164.2 297.6
Ellisolandia elongata – 6.3 40.4 18.8 40.7
Fleshy algae biomass (g AFDW m−2) 11.4 3.7 108.4 121.1 228.0
Sargassum muticum 10.9 1.0 38.0 – –
Ulva sp. 0.2 0.3 1.3 2.4 2.8
Cladophora sp. 0.15 1.4 – 7.6 –
Gelidium spinosum – – 66.4 – –
Fucus serratus – – – 88.1 –
Chondrus crispus 0.1 – 0.5 21.3 1.5
Codium sp. – – – – 34.3
Dilsea carnosa – – – – 22.4
Other red algae 0.1 0.9 0.9 1.6 166.9



Fig. 6. Winter diurnal variations in physico-chemical parameters within 3 rockpools monitored every hours during emersion in March 2016. The near shore seawater
parameters were measured at the beginning and at the end of the emersion. ΩAr and ΩCa were calculated using the CO2SYS software. The gray section represents the period
during which all the rockpools were covered by the tide.

The total biomass of fauna ranged from 4.2 g AFDWm−2 (rock-
pool 5) to 11.8 g AFDWm−2 (rockpool 4) in summer and from 0.7 g
AFDWm−2 (rockpool 1) to 12.4 gAFDWm−2 (rockpool 2) inwinter.
The gastropod Gibbula umbilicalis dominated the faunal species in
all the rockpools both in winter and summer. The biomass of G.
umbilicalis extended from 0.75 g AFDW m−2 to 4.14 g AFDW m−2

in summer (rockpools 5 and 3, respectively) and from 0 g AFDW
m−2 to 6.1 g AFDWm−2 inwinter (rockpools 4 and 2, respectively).

4. Discussion

Rockpool environment is governed by complex interactions be-
tween physical, chemical and biological parameters (Martins et al.,
2007). Rockpools can be described by evaluating their shore height,
surface, depth and volume. Among these characteristics, shore
height appeared as one of the main physical factors controlling
the physico-chemical variability within rockpools, as evidenced by
Morris and Taylor (1983). Consistently with their findings, rock-
pools 1 and 2 located on the upper shore exhibited the largest
diurnal and seasonal fluctuations of temperature, oxygen and pHT.
In contrast, the rockpool 5 was the lowest on the shore and the
deepest and presented weaker variations in temperature, oxygen
and pHT but higher nutrient concentrations and total alkalinity.
In accordance with the present results, Martins et al. (2007) sug-
gested that rockpools depth was more important in controlling
physico-chemical variability than surface and volume.

During the day, upper shore rockpools were directly exposed
to incident light, increasing the seawater temperature. Moreover,

rockpools higher on the shore zone are exposed to external condi-
tions for longer than lower ones, increasing the duration of thermic
exchange with the atmosphere (Martins et al., 2007). This results
in larger diurnal and seasonal variations in temperature than in
lower shore rockpools. Similarly at night, the temperature within
rockpools was mainly driven by the atmospheric temperature
and wind exposure. In both the winter and the summer, atmo-
spheric temperature at night was lower than near-shore seawater.
As a consequence, during the emersion period, the temperature
decrease at night was more important in high shore rockpools.
In contrast to the upper shore rockpools, lower shore rockpools
presented lower seasonal and diurnal variations for all parameters,
except for salinity and nutrients. The salinity showed seasonal
variability, with higher values in the summer, when evaporation
was maximal. However, freshwater seepage may occur within
the rockpool 5, as the salinity in this rockpool was lower than
near-shore seawater both for seasonal and diurnal measurements.
This statement is in accordance with the higher nutrient values
measured in this rockpool.

As for intertidal emerging substrate, light intensity and temper-
ature exert a strong influence on biological processes (Fernández
et al., 2015; Martínez et al., 2012). Indeed, rockpool communities
undergo a wide range of irradiance, determined by the seasonal,
daily and tide cycles, and the cloud cover (Figs. 7 and 8; Häder
et al., 2003). In the present study, the CCA L. incrustans colonized all
rockpools, but reached the highest biomass in shallow high shore
rockpools, both in the winter and the summer. This suggested that
this species was stress-tolerant and was able to withstand high



Fig. 7. Seasonal variations in light intensity measured at noon in air at the Sta-
tion Biologique de Roscoff from January 2016 to April 2016 (dot line). Black dots
represent the mean irradiance measured in air during day-time emersion for each
seasonal measurement.

temperatures and light intensities (Dethier, 1994; Kooistra et al.,
1989). Conversely, the articulated coralline algae E. elongata at-
tained higher biomass within deeper and shaded rockpools. Egils-
dottir et al. (2016) related a strong inhibition of photosynthesis
and calcification in E. elongata under irradiances beyond 200 µmol
photons m−2 s−1 in the summer. In the present study, E. elongata
was almost absent from upper shore rockpools, where incident
light intensity reached up to 800 and 1600 µmol photons m−2

s−1 in the winter and the summer, respectively (Fig. 8). Hence,
conversely to L. incrustans, E. elongata may tolerate lower light
intensities (Egilsdottir et al., 2016; Korbee et al., 2014) and may
benefit from the shaded environment provided by deeper and
sheltered rockpools.

In the summer, shallow upper shore rockpools were dominated
by Ulva intestinalis and Ulva sp., respectively, although Sargassum
muticum was co-dominant within the rockpool 1. Ulva is a cos-
mopolitan genus in intertidal environments, especially rockpools,
and is characterized by a strong ability to cope with changing light
conditions and tolerate high light intensities (Altamirano et al.,
2000; Gómez et al., 2004; Ruangchuay et al., 2012). S. muticum
was the dominant canopy-forming species in the rockpool 3. As for
Ulva sp., Norton (1977) demonstrated that S. muticum have a broad
tolerance for irradiance, salinity and temperature.

Within the rockpool 4, a dense canopy of the brown algae Fucus
serratus was observed both in the winter and the summer. Thus,
rockpools 1 to 4 are covered by a dense canopy of U. intestinalis,
S. muticum and/or F. serratus from spring to late summer, when
light intensities are high. Olabarria et al. (2013) highlighted the
importance of canopy composition for understory species. For
most intertidal seaweeds, the high light intensities in the summer
often greatly exceed their needs for photosynthesis (Franklin and
Forster, 1997). Although photoinhibition may affect these canopy-
forming species, they are also likely to act as a protective layer for
understory species, which may benefit from reduced light stress
for their metabolic activity (Bordeyne et al., 2015; Tait and Schiel,
2011). In the summer, L. incrustans and E. elongata would thus
be protected from photoinhibition by the dense canopy formed
by U. intestinalis, S. muticum and F. serratus. This statement may
be consistent with the bleaching observed in E. elongata when
colonizing rockpool edges without canopy (personal observation).
The bleaching in coralline algae under high irradiances has already
been reported by Häder et al. (2003).

Communities inhabiting rockpools also exerted a strong in-
fluence on the physico-chemical variations. During the day-time
emersion, a part of incident light was used by seaweeds for
their photosynthesis, reducing inorganic carbon and nutrients in
the seawater during the emersion period and increasing oxygen
concentrations. Ulva spp. are known to have a high plasticity
in utilizing different forms of inorganic carbon through the use
of powerful carbon concentration mechanisms (CCM; Axelsson
et al., 1999; Axelsson et al., 1995; Rautenberger et al., 2015).

This process may confer a competitive advantage to Ulva spp.,
especially when CO2 is limited (Axelsson et al., 1995; Larsson et
al., 1997). Similarly, the ability of S. muticum to use bicarbonates
(HCO−

3 ) through CCM makes it unlikely to be limited in CO2 for
its photosynthesis (Thomas and Tregunna, 1968). Interestingly,
no clear seasonal trend was measured in rockpools in terms of
oxygen concentrations.Within upper shore rockpools, oxygen con-
centration varied greatly throughout the year with a peak de-
tected in November, although light intensities were reduced com-
pared with the summer. Several explanations could be provided:
(1) the high light intensities in summer induce photoinhibition in
seaweeds colonizing shallow and high shore rockpools, limiting
oxygen concentration increase (Egilsdottir et al., 2016; Häder et al.,
2003; Raven and Hurd, 2012). (2) The high photosynthetic rates
combined with the important canopy biomass in summer severely
reduced the nutrients which rapidly became limiting for seaweed
primary production (Henley et al., 1991; Metaxas et al., 1994).
In the autumn, the highest nutrient availability and the lowest
light intensitiesmay increase photosynthesis andoxygen release in
rockpools. Oxygen concentration within the lower shore rockpool
was more stable during the year than in other rockpools, with
concentrations close to those of near-shore seawater. This rockpool
was more shaded than other rockpools due to the presence of high
surrounding rocks. Although nutrient concentrations were higher,
the lower incident light may limit the community production.

During the night-time emersion, the community respiration
decreased the oxygen concentration in the three rockpools mon-
itored, both in the winter and the summer. However, the higher
seaweed biomass in the summer reduced drastically oxygen con-
centrations, especially within rockpools 2 and 3. The higher tem-
perature in the summer at night may increase the metabolic
rates of rockpool communities (Tagliarolo et al., 2013; Zou et al.,
2007) reducing oxygen concentrationmore severely. A plateauwas
reached from 4 am in these two rockpools, which became almost
anoxic at the end of the night-time emersion. Conversely, in the
winter, the decrease in oxygen concentration at night was more
linear until the end of the night-time emersion. Temperature also
influences gas solubility, and Truchot and Duhamel-Jouve (1980)
suggested that the increase in oxygen concentration during the
day and the decrease at night may be limited by diffusion process
across the air–water interface.

By their photosynthesis, seaweeds also reduced the carbon
dioxide (CO2) concentration in the rockpools during the emer-
sion period. As consequence, the pHT of seawater increased, and
reached 10 in spring in the rockpool 1, during the bloom of Ulva
intestinalis, consistent with the results of Björk et al. (2004) for
isolated rockpools in Sweden. A peak of pHT was also observed in
November in the rockpool 2, which corresponded to themaximum
oxygen concentration in this rockpool. Conversely, at night, the
community respirationduring emersion increased theCO2 concen-
trations and reduced the pHT down to 7.5. The important seaweed
biomass in the summer and the high respiration at night severely
decreased the pHT until a plateau was reached when oxygen has
been consumed.

The variations in pHT have a strong influence on the carbon-
ate saturation state with respect to aragonite (ΩAr) and calcite
(ΩCa). In marine systems, the equilibrium between the different
inorganic carbon species is a major factor influencing the calci-
fication process (Borowitzka and Larkum, 1987). Ω defines the
ability of calcareous species to produce their skeleton, through the
precipitation of calcium carbonate (CaCO3) (Kleypas et al., 2006;
Raven, 2011). The relationship between saturation state values and
coralline calcification and growth is well known (Kuffner et al.,
2008). Despite the presence of seasonal variations, Ω was much
greater than 1 in upper shore rockpools during the day-time emer-
sion, making the environment more conducive to calcification. In



Fig. 8. Winter and summer diurnal variations in light measured in air in the Bloscon site in March 2016 and September 2015 respectively. The gray section represents the
period during which all the rockpools were covered by the tide. Irradiance during immersion was estimated using extinction coefficient of light in seawater.

the lower shore rockpool, ΩAr and ΩCa reached values close to 1 in
January which suggests a lower potential for calcareous species to
calcify in winter during day-time emersion.

Several studies underlined the interaction between photosyn-
thesis and calcification processes in coralline algae (Comeau et al.,
2012; McCoy et al., 2016). The ‘‘trans calcification’’ process de-
scribed by McConnaughey and Whelan (1997) suggests that cal-
careous algae may uptake seawater HCO−

3 and convert it to CO2
thanks to proton transport through the organism. A part of this CO2
would be used for algal photosynthesis while another part would
be converted to produce CO2−

3 used for calcification. Although
this process was evidenced in the freshwater alga Chara corallina
(McConnaughey and Whelan, 1997), ‘‘trans calcification’’ may also
occur in geniculate coralline algae (McCoy et al., 2016) and L. in-
crustans. Within rockpools, where CO2 concentrations may be low
during the day, this mechanism may provide sufficient inorganic
carbon substrate to increase both photosynthetic and calcification
rates. This statement would be consistent with the decrease in AT
observed during the day-time emersion in the summer within up-
per shore rockpools. Temperature increase in the summermay also
have a positive effect on calcification and growth rates of coralline
algae (Martin et al., 2006; Steller et al., 2007). Finally, a part of
the calcification can also be attributed to calcareous fauna, since
(Tagliarolo et al., 2013) highlighted an increase in calcification rates
in summer in several intertidal gastropods, includingG. umbilicalis.

E. elongata is known to have high calcification rates, with a
light to dark ratio of 3.6 (El Haikali et al., 2004). In a recent study,
Egilsdottir et al. (2016) estimated that calcification in E. elongata on
the north coast of Brittany was 3.3 µmol CaCO3 g DW−1 h−1 in the
summer and 1.1 µmol CaCO3 g DW−1 h−1 in the winter. During
night-time emersion, the increase in AT reflected the dissolution
of coralline algae, explained by the decline of pHT and Ω . This
suggests that the increase in dissolution rates during night-time
emersionwould be offset by high calcification rates during the day-
time emersion. In a Mediterranean shallow infralittoral ecosystem
dominated by E. elongata, Bensoussan and Gattuso (2007) also
evidenced strong diurnal variations, with higher calcification rates
when light intensitiesweremaximal. In the present study, biomass
of E. elongata reached 982 g DW m−2 in rockpool 5. This value
is lower than those reported for infralittoral communities on the
Costa Brava (1110 to 4015 g DW m−2; Ballesteros, 1988), but is
close to the lower values reported by El Haikali et al. (2004) on
the Gulf of Marseilles (820 to 2544 g DW m−2). Moreover, in
south-west Wales, Edyvean and Ford (1987) evidenced that CaCO3
deposition rate for L. incrustans was 378.96 g m−2 plant surface
area year−1. Within rockpools, many factors may influence the
calcification rates in coralline algae, such as rockpools exposition to
incident light, the seawater physico-chemical parameters, but also
the interactionwith other species. However, the present results ev-
idence that coralline algae colonizing rockpools can be considered
as a key element of carbonate cycles in the shallow coastal waters.

This study provides evidence that although seaweeds were
likely to strongly influence physico-chemical variations in rock-
pools, these variations were also governed by more complex in-
teractions between physical parameters of rockpools (e.g. shore
height, depth, light exposure, temperature. . . ), chemical processes
(gas exchange between the seawater and the atmosphere, inter-
action between physico-chemical parameters) and biotic factors
(metabolic processes of species, nutrient/light limitation). Rock-
pools can thus be considered as complex dynamic environments,
unique in their functioning due to the large number of interactions
between physical, chemical and biological factors.

Within rockpools, physico-chemical variations mainly depend
on their depth and the duration of their isolation from the sea
during low tide. Seaweed species colonizing rockpools can thus
survive harsh environmental conditions, such as low oxygen con-
centration and pHT at night or high temperature and low nutrient
concentrations during the day. However, species require a regular
exchange of seawater for regulating physico-chemical parameters
and recover from the emersion period. In coralline algae, low pHT
and carbonate saturation state at night may have deleterious con-
sequences on their calcareous skeleton by increasing dissolution
(Comeau et al., 2012; Egilsdottir et al., 2016).

The present study evidenced that rockpool organisms undergo
physico-chemical variations that may greatly exceed those pre-
dicted with climate change for the end of the century (Gattuso et
al., 2015). However, few studies took into account both emersion
variability and inter-specific interactions (Olabarria et al., 2013).
Regarding climate change experiments, particular attention should
be paid to the natural variability that tested species undergo.
Therefore, rockpools appear as suitable environments to examine
the physiological processes set up by species to face natural vari-
ability.
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