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As well as their destructive roles, plants, animals and microorganisms contribute to geomorphology and ecol-
ogy via direct and indirect bioprotection, which can reduce weathering and erosion. For example, indirect
bioprotection can operate via biotic influences on microclimate whereby physical decay processes associated
with fluctuations in temperature and moisture (salt crystallization, thermal fatigue and wetting–drying), are
limited. In the intertidal zone, the spatial and temporal distribution of macroalgae (seaweeds) is patchy, related
to physical and ecological conditions for colonization and growth, and the nature and frequency of natural and
anthropogenic disturbance.We examined the influence of seaweed canopies (Fucus spp.) on near-surfacemicro-
climate and, by implication, on conditions for mechanical rock decay and under-canopy ecology. Monitoring on
hard artificial coastal structures in SouthWest England, UK, built from limestone and concrete showed that both
the range and maxima of daily summertime temperatures were significantly lower, by an average of 56% and
25%, respectively, in areas colonized by seaweed compared to experimentally cleared areas. Short-termmicrocli-
matic variability (minutes–hours) was also significantly reduced, by an average of 78% for temperature and 71%
for humidity, under algal canopies during low-tide events. Using seaweed as an example, we develop a concep-
tual model of the relationship between biological cover and microclimate in the intertidal zone. Disturbance
events that remove or drastically reduce seaweed cover mediate shifts between relatively stable and unstable
states with respect to mechanical decay and ecological stress associated with heat and desiccation. In urban
coastal environments where disturbance may be frequent, facilitating the establishment and recovery of
canopy-forming species on rocks and engineered structures could enhance the durability of construction mate-
rials as well as support conservation, planning and policy targets for biodiversity enhancement.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

At small spatial (bmeter) and temporal (minutes–hours) scales,
rock surface temperature and humidity are highly variable in the natu-
ral and built environment (e.g., Jenkins and Smith, 1990; McGreevy et
al., 2000; Viles, 2005). This is important geomorphologically because
the efficiency of mechanical, chemical and biological processes acting
to break down is influenced to some extent by temperature and
moisture (e.g., Sumner and Loubser, 2008; Angeli et al., 2010). Microcli-
matic changes of sufficiently high magnitude, and repeated short-term
fluctuations, are thought to contribute to the mechanical decay of
rock through expansion and contraction (e.g., Halsey et al., 1998;
Gómez-Heras et al., 2006). In this respect, the intertidal zone is a
unique ‘weathering’ environment (see Hall et al., 2012 for a recent
discussion of weathering nomenclature) owing to repeated cycles
of inundation by seawater and exposure to the air (e.g., Porter and
the Environment, University of
gdom.
. Coombes).
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Trenhaile, 2007). Here, microclimate is particularly critical for rock
decay, influencing the formation of salt crystals and associated
haloclastic breakdown (e.g., Davison, 1986; Cardell et al., 2003;
Trenhaile, 2011; Mottershead, in press).

Microclimate is equally important for ecology in the intertidal zone.
Environmental stress gradients relating to heat and desiccation, biolog-
ical disturbance (e.g., predation and competition), and physical
disturbance (e.g., removal of organisms by erosion events andwave dis-
lodgement) lead to often well-defined biological zones on rocky shores
(Menge and Sutherland, 1987; Harley andHelmuth, 2003) and a patchy
mosaic of colonized and bare space (Sousa, 1985; Hutchinson and
Williams, 2003). In thisway, disturbance processesmoderate ecological
interactions that are important for the maintenance of ecosystem func-
tioning and biodiversity (e.g., Wethey, 2002) and alter the spatial and
temporal variability of biological cover (e.g., Dayton, 1971).

The spatial distribution and nature of biological activity on rocky
shores are important geomorphologically because this defines the likely
efficiency of biologicalweathering aswell as othermechanical and chem-
ical decay processes that may be moderated by organisms (e.g., Trudgill,
1987, 1988; Viles, 1995; Coombes et al., 2011; Naylor et al., 2012a). The
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distribution and abundance of organisms should also define the po-
tential for bioprotective effects in time and space (Naylor and Viles,
2002; Carter and Viles, 2005). Feedbacks also exist between geomor-
phological disturbance, driven by erosion and weathering, and
habitat heterogeneity on rocky shores from the millimeter to the
kilometer scale. These are in turnmajor controls on species' distribution,
abundance and diversity (e.g., Thrush et al., 2011). Conversely, the po-
tential roles of organisms in facilitating micro- and meso-scale geomor-
phic disturbance are also beginning to be explored in more detail in
the rocky intertidal zone (e.g., Gómez-Pujol et al., 2006; Moura et al.,
2012; Naylor et al., 2012a).

Importantly, microclimatic conditions may vary considerably be-
tween bare and colonized rock surfaces. In the terrestrial built envi-
ronment, laboratory and field trials have shown that soiling and
colonization by microorganisms and lichens influence rock thermal
regimes and associated weathering conditions (Warke et al., 1996;
Carter and Viles, 2003, 2004). Microorganisms have also been found
to cause measurable changes in the thermal behavior of rocks under
simulated intertidal conditions (Coombes, 2011b; Coombes and
Naylor, 2012). These changes were attributed to albedo effects and
the influence of micro-scale bioerosion (μm) on the absorption and
evaporation of water.

The influence of macro-organisms on microclimate remains
understudied in the context of subaerial rock decay. One exception
is the study of ivy canopies on historic buildings, which are
suggested to have a bioprotective role via shading and thermal
blanketing, and the absorption of particulate pollution (Sternberg
et al., 2011; Viles et al., 2011). On rocky shores, the importance of
macroalgae in reducing the frequency of wetting and drying cycles
has been recognized (e.g., Stephenson and Kirk, 2000) but has not
been studied directly. Furthermore, canopy-forming species may
have a similar role on engineered structures in the intertidal zone,
but to our knowledge this has never been examined. Comparatively,
the ecological importance of shading by intertidal vegetation, which
creates cooler and wetter habitat conditions, is an important facilita-
tive interaction that mediates the establishment and survival of
other species (e.g., Leonard, 1999). Such interactions on rocky shores
may be placed within the framework of ‘ecosystem engineering’
(Jones et al., 1994; Harley, 2006; Gutiérrez et al., 2010).

In an applied context, building engineered structures in urban areas
represents localized and very often permanent, high-magnitude distur-
bance beyond any natural event. This involves the introduction of new
hard substrata (whether rock or concrete) and often the replacement
or modification of entire habitats. This is recognized as a major
conservation issue of global concern (Thompson et al., 2002; Airoldi
and Beck, 2007). Based on previous field observations (Sternberg et
al., 2011) and laboratory simulations (Coombes, 2011b; Coombes and
Naylor, 2012), microclimatic conditions at the surface of uncolonized
(i.e., newly built) coastal structures are expected to differ from colo-
nized rocks exposed under the same environmental regimes. Habitat
conditions and near-surface conditions relevant to rock decay
may therefore be very different between natural rocks and artificial
structures, probably contributing to the typically impoverished
ecological communities found on engineered surfaces (Chapman,
2003; Bulleri and Chapman, 2010). Microclimatic conditions at the
surface of new structures are also expected to change through time as
they become colonized and, where conditions allow, as succession pro-
ceeds (e.g., Coombes and Naylor, 2012). As well as providing favorable
habitat for other species, if macroalgae have a bioprotective role in a sim-
ilar way to ivy in the terrestrial environment (via microclimatic dampen-
ing for example) this would represent a previously unrecognized
ecosystem service (e.g., Costanza et al., 1997) that can support wider ef-
forts to enhance coastal structures for biodiversity conservation (Bulleri
and Chapman, 2010; Naylor et al., 2012b).

We examined the influence of canopy-forming macroalgae (fucoid
seaweed) on microclimate at the surface of intertidal engineered
structures in SouthWest England, UK. Specifically, we aimed tomeasure
the extent to which algal canopies moderate summertime temperature
extremes and short-term (minutes–hours) microclimatic variability. In
doing this, we aimed to provide evidence of themechanism bywhich in-
tertidal vegetationmay protect surfaces frommechanical rock decay, and
how this varies in time and space. We then use these results to develop a
conceptual model of the interactions and feedbacks between biological
cover and microclimate, as mediated by biological and physical distur-
bance, and discuss the implications of the model for the mechanical
breakdown of materials in the intertidal zone.

2. Methods

2.1. Study sites

Temperature and relative humidity were monitored on hard
engineered structures at three sites in South West England, UK, dur-
ing summer 2011 (Fig. 1). The work was undertaken in summer
when organisms can influence microclimatic conditions associated
with mechanical decay processes such as thermoclasty (e.g.,
Sternberg et al., 2011) and when heat and desiccation stresses expe-
rienced by epibiota can be significant (Helmuth and Hofmann,
2001). One structure at each of the sites was chosen based on having
an existing cover of algae, ease of obtaining access and permissions,
and to include a mix of structure types for comparability (Table 1).
As a common material used in coastal engineering (CIRIA, 2010), con-
crete structures were of particular interest; a vertical concrete wall at
Mylor Yacht Harbour and vertical concrete pylons at Newlyn Harbour
in Cornwall were therefore chosen. Semi-horizontal limestone rock
armor was monitored at a third site at Portland Port, Dorset, as a con-
trasting material type and surface orientation. Conditions at each of
the sites varied to some degree with respect to the thickness of the
algal canopy, and the aspect of the surfaces being monitored
(Table 1). The importance of these factors for between-site variability
and the relative influence of algae on temperature and humidity are
considered in the Discussion (Section 4).

On each structure, microclimatic data were collected at two temporal
scales in order to determine the influence of biological cover on thermal
extremes (i.e., thermal maxima over daily tide cycles) and short-term
(minutes–hours) variabilitywhen surfaces are exposed to the air (i.e., be-
tween tides). Mechanical decay processes associated with heat, drying
and salt crystallization are deemed to bemost important during those pe-
riods when surfaces are exposed to the sun (e.g., Stephenson and Kirk,
2001; Trenhaile, 2006; Gómez-Pujol et al., 2007). Freeze–thaw processes
and potential buffering of low temperature extremes by biologymay also
operate in winter (e.g., Robinson and Jerwood, 1987; Sternberg et al.,
2011), but this was not the focus of the present study.

2.2. Continuous temperature data (across tides)

In June 2011, iButton® temperature loggers (Maxim Integrated
Products, DS1921G) were secured to the surface of each structure at
the three monitoring sites in plastic waterproof capsules (DS9107)
using marine epoxy (Fig. 2a). The iButtons® have an operating range
of−30 to+70 °C, and were pre-programmed to log temperature con-
tinuously at 30-minute intervals at a resolution of 0.5 °C with an accu-
racy of ±1 °C. The encased loggers were attached in paired ‘colonized’
(with algae) and ‘cleared’ (without algae) plots of 10×10 cm approxi-
mately 30 cm apart (Fig. 2b), with one pair established on each struc-
ture. All loggers were positioned at Mean Tide Level for comparability.
Before attachment, algae and all other macro-biology were removed
from the ‘cleared’ plots using garden shears and a paint scraper;
encased loggers in these plots were fully exposed to water and air dur-
ing high and low tides, respectively. ‘Colonized’ plots were not manipu-
lated, and loggers were secured beneath the existing algae canopy.
Algae around all the cleared plotswere trimmed tominimize ‘whipping’
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Fig. 1. Location of study sites in South West England, UK.
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and the potential dislodgement of the loggers (e.g., Trudgill, 1988).
Recolonizing algae were also removed from cleared plots during subse-
quent visits as necessary to maintain the treatments as described. Data
were downloaded from each logger at roughly two-week intervals
throughout the summer using a laptop computer, Blue-dot iButton®
reader (DS1402D-DR8), and OneWireViewer software (Maxim Inte-
grated Products). Data were subsequently collated for each plot into a
continuous record.
2.3. Periodic temperature and humidity data (between tides)

Relative humidity loggers (Hygrochrons™, DS1923) could not be
used underwater or placed in waterproof capsules as they must re-
main exposed to the air to function correctly. Humidity data were
therefore collected during five different low-tide events at each site
on dry, sunny days. On each day, loggers were temporarily attached
to the structures with non-permanent adhesive putty during the re-
ceding tide and collected before the returning tide. Hygrochrons™
have an operating range of −20 to +85 °C, and were programmed
to record relative humidity at 1-minute intervals with a resolution
of 0.6%. Additional high resolution iButton® temperature loggers
(DS1921H, operating range +15 to +46 °C, 0.125 °C resolution, ±
1 °C accuracy) were temporarily attached during the same low-tide
Table 1
Details of study sites.

Site name Type of structure Material type Surface orient

Mylor Harbour, Cornwall Harbor wall Concrete Vertical

Newlyn Harbour, Cornwall Support pylons Concrete Vertical

Portland Port, Dorset Rock armor revetment Limestone Semi-horizont

⁎ Biological cover denotes the community present in control plots (i.e., without manipul
events to provide a higher resolution (1-minute) record of tempera-
ture for analysis of short-term variability. As with the permanently
affixed loggers (Section 2.2), a paired plot design (i.e., cleared vs.
colonized) was used during these low tides (Fig. 2b).
2.4. Data analysis

In order for statistical analysis to be performed on the continuous
(across-tide) time-series data (Section 2.2), daily temperature maxi-
ma and range values were calculated for each plot for 30 consecutive
days across July and August 2011. As each maximum and range value
was derived from a different 24 h period (obtaining 30 values in each
case), data were treated as independent replicate measurements and
compared using ANOVA. This enabled comparisons to be made
between treatments (two levels: colonized and cleared) and between
sites (three levels: Mylor, Newlyn, Portland). For periodic (between-
tide) temperature and humidity data (Section 2.3), variance was
used as a simple statistical measure of short-term variability. This
was done by calculating the variance of temperature and humidity
data for a two hour period (i.e., 120 measurements) during each
of the five low-tide events that were monitored at each site
(Section 2.3). The period during which the loggers were acclimatizing
to their surroundings, which was clearly visible at the start of each
ation Aspect Biological cover (at mean tide level)⁎ Algal canopy thickness

NNE 60% algae
(F. vesiculosus and A. nodosum)
20% barnacles
(Chthamalus spp. and S. balanoides)
20% bare space

b5 cm

NW 90% algae
(F. vesiculosus and F. spiralis)
10% bare space

10 cm

al NE 90% algae
(F. vesiculosus and F. serratus)
10% bare space

10 cm

ation). Cleared plots had all macro-organisms removed from the surface.



Cleared plot Colonized plot

2cm

20cm

a)

b)

Fig. 2. Deployment of temperature loggers encased in waterproof capsules (a) on a
concrete pylon in Newlyn Harbour and (b) limestone rock rubble at Portland Port.
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dataset, was excluded from these calculations. These variance values
were then compared between paired plots (cleared vs. colonized) at
each site using two-sample t-tests.
3. Results

3.1. Daily maximum temperatures

Fig. 3 shows a continuous record of near-surface temperature in
cleared and colonized plots at the three study sites for July–August
2011. Fig. 4a shows average daily maximum temperatures at each
site for the same period. These data are representative of mean
daily summertime temperatures and extreme summertime maxima
in South West England (www.metoffice.gov.uk/climate/uk, accessed
January 2012).

In all cases, significantly higher temperatures were recorded in
cleared plots than in those colonized by algae (pb0.000, Table 2).
Maximum temperatures were also significantly different between
sites (pb0.000, Table 2). Furthermore, interaction between ‘site’ and
‘treatment’ factors in the ANOVA (p=0.001, Table 2) indicates that
while the thermal dampening effect of algae was consistent across
the sites (temperature maxima were on average 25% lower in colo-
nized plots), the magnitude of the effect varied between locations;
peak temperatures were 8%, 31% and 35% lower in colonized plots
at Mylor, Portland, and Newlyn, respectively (a difference of
1.4–5.4 °C).

The greatest difference between cleared and colonized plots was
16.5 °C, which was recorded on the limestone rock armor at Portland
on 13th August, and a difference of 10 °C or greater was recorded on
several occasions both at Newlyn and Portland. In contrast, differ-
ences between the paired plots on the concrete wall at Mylor did
not typically exceed 3.5 °C. At all sites, the greatest differences
occurred when low tide coincided with periods of peak insolation
(i.e., around midday; Fig. 3).

3.2. Daily temperature range

Fig. 4b shows the average daily temperature range in paired plots
at each site. During any 24 hour period, the temperature range was
significantly lower in colonized plots (pb0.000, Table 3). Across all
three sites the average temperature range in colonized plots
(3.0 °C) was 56% lower than in cleared plots (7.3 °C), but the magni-
tude of this effect varied between sites (pb0.000, Table 3); the daily
temperature range was 35% lower in colonized plots at Mylor, 65%
lower at Newlyn, and 67% lower at Portland, respectively. As with
the maxima data, the greatest differences were measured at Portland
on 13th August, when the thermal range below the algae canopy was
more than 20 °C lower than the adjacent bare rock.

3.3. Microclimatic variability at low tide

Fig. 5 shows a typical humidity/temperature dataset recorded at
each site during low tide using temporarily attached loggers. Relative
humidity was always higher in colonized plots (i.e., under the
existing algae canopy), while temperature was always lower (Fig. 5;
as discussed in Section 3.1). Fig. 6 summarizes the variance of micro-
climatic data from paired plots at each site during low tide. Both rel-
ative humidity and temperature were significantly less variable under
the algae canopy over a temporal scale of minutes and hours (pb0.05
in all instances). This effect was again most pronounced when low
tide coincided with sunny weather in the late morning and afternoon
(Fig. 5). Across all three sites, temperature and relative humidity
were on average 78% and 71% less variable in colonized plots,
respectively.

4. Discussion

4.1. The influence of seaweed on microclimate

At three different sites, seaweed was found to have a consistent
and significant influence on microclimate at the surface of hard
coastal structures built from concrete and limestone. Thermal max-
ima under algal canopies were reduced by an average of 25%, and the
daily thermal range was reduced by 56% compared to adjacent areas
cleared of growth. This is comparable with the 36% higher peak
temperatures recorded on historic walls cleared of ivy, compared
to within-canopy temperatures, and an associated dampening of
thermal range (Sternberg et al., 2011). Ivy has also been found to
significantly reduce the range of relative humidity on walls over a
daily timescale, but this could not be determined for seaweed
owing to the impracticalities of permanently deploying humidity
loggers across tides. However, short-term (minutes–hours) vari-
ability of both humidity and temperature was found to be signifi-
cantly lower (by more than 70%) under seaweed canopies during
low-tide periods when the surfaces were exposed to the air and
insolation.

This dampening effect on microclimate was clearly captured in the
time series data, particularly for humidity where rapid fluctuations in
cleared plots caused by wind and cloud were diminished in adjacent
colonized plots (e.g., Fig. 5). This stabilizing effect of algae is signifi-
cant with respect to salt weathering as the rate and extent of drying
influence both the likely occurrence of crystallization and the depth
within the material at which it occurs (Davison, 1986; Cardell et al.,
2003). The depth of the ‘wetting front’ in hard materials, which has
been linked to decay of terrestrial building stones, is also influenced
by organic coverings and microclimatic regimes at the material–air in-
terface (Smith et al., 2004, 2011). Less variable and higher (i.e., wetter)
relative humidities below algal canopies (Fig. 6b) indicate that the
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Fig. 3. Near-surface temperature records (30-minute data) in cleared and colonized plots at three sites during July and August 2011.
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frequency at which a colonized surface will become sufficiently dry for
salt crystallization to occur will be reduced relative to bare surfaces. At
the same time, the efficiency of decay via short-term fluctuations in
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Table 2
ANOVA for daily maximum temperatures (n=30) in cleared and colonized plots at
three sites during summer 2011.

ANOVA

Source of variation SS df MS F P-value F crit

Site
(Mylor, Newlyn, Portland)

477.519 2 238.760 19.461 b0.000 3.048

Treatment
(cleared vs colonized)

845.000 1 845.000 68.874 b0.000 3.895

Interactions (site∗treatment) 193.608 2 96.804 7.890 0.001 3.048
Residuals 2134.767 174 12.269
Total 3650.894 179
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and reduced heat flux and evaporation can also limit the efficiency of
mechanical decay and may thereby constitute indirect bioprotection
of the underlying surface (Camuffo, 1995; Carter and Viles, 2005;
Sternberg et al., 2011).

It is also clear that relative humidity below algal canopies is higher
than on bare surfaces, and as such this may be indicative of enhanced
chemical decay of certain substrates by processes such as hydrolysis,
carbonation and solution (e.g., Jayakumar et al., 2010). The extent to
which seaweeds moderate chemical weathering of hard materials in
the coastal zone warrants further investigation. Such work should ulti-
mately evaluate the relative importance of any such deteriorative influ-
ences over chemical bioprotective effects, which may include shielding
rocks from acidic rainwater for example, alongside those mechanical
bioprotective processes evaluated in this study.

Ecologically, established seaweed canopies reduce the frequency of
potentially lethal thermal extremes, providing refuge for understory or-
ganisms like snails and limpets (e.g., Bertness et al., 1999). Such facilita-
tion, or ecosystem engineering, is known to be important on natural
rocky shores (e.g., Thompson et al., 1996; Harley, 2006; Thomsen et
al., 2010), but thepotential formicroclimaticmoderation bymacroalgae
on artificial (i.e., engineered) structures has not been previously recog-
nized. Practices aimed at improving the ecological potential of coastal
structures are increasingly being developed and tested in the coastal
zone (Chapman and Blockley, 2009; Martins et al., 2010; Coombes,
2011a). Developing ways to increase the number of species able to col-
onize structures and, as this study suggests, those species thatmay offer
additional ecosystem services such as bioprotection and facilitation,
therefore require further investigation. The notion of bioprotection as
an ecosystem service should help support efforts to maximize ecologi-
cal potential in line with the European Water Framework Directive
(e.g., Bolton et al., 2009), help developers meet stringent planning con-
ditions, appease potential engineering concerns about the durability
costs of colonization (Coombes et al., 2009), and help embed the notion
of ecological enhancement in the broader design and build process
(Naylor et al., 2011, 2012b).

4.2. Spatial and temporal variability

The overall influence of algae on temperature and relative humidity –
and by implication on surface habitat conditions and environmental
Table 3
ANOVA for daily temperature range (n=30) in cleared and colonized plots at three
sites during summer 2011.

ANOVA

Source of variation SS df MS F P-value F crit

Site
(Mylor, Newlyn, Portland)

390.903 2 195.451 15.490 b0.000 3.048

Treatment
(cleared vs colonized)

954.501 1 954.501 75.645 b0.000 3.895

Interactions (site∗treatment) 254.603 2 127.301 10.089 b0.000 3.048
Residuals 2195.575 174 12.618
Total 3795.582 179
regimes relevant to mechanical breakdown – was consistent between
monitoring sites. However, the magnitude of the effect varied signifi-
cantly between locations (Section 3). This suggests that site factors are
important and warrant further discussion.

The three most critical between-site variables in this study were
probably aspect, thickness of the algal canopy, and surface orientation.
Aspect is known to be an important control on microclimate and
weathering at the coast (e.g., Mottershead et al., 2003) and, while the
structures at all three sites had a northern aspect (Table 1), there
were differences in their positioning that gave rise to shading effects.
The NNE facing concrete wall at Mylor, for example, was exposed to di-
rect sunlight during the morning but became shaded by midday when
the sun was obscured by an adjacent east-facing wall. This limited the
period during which the wall was heated, and also prevented warming
during the afternoon when insolation is most intense. The cover and
thickness of the algal canopy at Mylor were also less than at the other
two sites (Table 1), probably as a result of differences in wave exposure
and because the structure was built most recently (Engelen et al., 2005;
see Section 4.3). This, combinedwith the aspect and shading influences,
likely explains the lower magnitude microclimatic differences between
cleared and colonized plots atMylor (e.g., Figs. 4 and 6). In contrast, the
sub-horizontal limestone boulders at Portland received unobstructed
insolation for most of the day, and this waswhere the greatestmicrocli-
matic differenceswere observed (Section 3). It should also be noted that
the color of the materials at each site could not be controlled for, which
may have influenced thermal regimes via albedo effects (Hall et al.,
2005). However, the differences in temperatures recorded in cleared
plots on the two concrete structures at Mylor and Newlyn – having
comparable surface color – were also significant, which suggests that
other variables such as aspect and canopy thickness contributed more
to microclimatic differences between sites than material type alone.

Material type does, however, influence the relative importance of
the observed differences for bioprotection. Larger-scale erosion events
driven by waves are probably of more concern for engineers than
fine-scale weathering on materials such as granite that are perceived
to be more durable, for example (CIRIA, 2007). The potential impor-
tance of chemical deterioration of such materials cannot be ignored
however, and the influences of seaweeds on conditions favoring or im-
peding thermoclasty may also be particularly relevant for crystalline
rocks such as granite (e.g., Gómez-Heras et al., 2006, 2008). Where ma-
terials like limestone and concrete are used in maritime engineering,
weathering can be especially important for durability (e.g., Thaulow
and Sahu, 2004; Coombes et al., 2011). With respect to erosion, biology
may have additional direct protective roles via wave energy dissipation
(Mendez and Losada, 2004; Mangi et al., 2011) or by filling, stabilizing
and binding potential areas of weakness such as joints in block-form
coastal structures where growth is often favored. In general, microcli-
matic dampening is probably less geomorphologically relevant on
shores and structures exposed to high energy waves, because distur-
bance in these settings will be broadly dominated by high-magnitude
events. Fine-scale and low-magnitude decay processes can mediate
erosion during storms (Naylor et al., 2012a), but in an engineering con-
text at least, bioprotective effects are probably most important in shel-
tered locations such as harbors where weathering can be an issue with
respect to the conservation of structures of social and heritage value
(Brebbia and Gambin, 2003).

Crucially, our observations demonstrate that the relative importance
of algal influences on microclimate for geomorphology (and ecology)
will not be consistent in time and space. Algal cover varies according to
a number of factors including tidal height, biological disturbance (i.e.,
the presence or absence of grazers) and wave conditions (Menge and
Sutherland, 1987). The potential for bioprotection via influences on mi-
croclimate is therefore predicted to be greatest where dense canopies
are able to establish. Also, species able to colonize higher on the shore
(e.g., Fucus spiralis in the UK) probably havemore of an effect on the effi-
ciency of breakdown processes because conditions are more variable at
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Fig. 5. Time series data of temperature and relative humidity at the surface of intertidal structures during low tide on selected dry/warm days at (a) Mylor, (b) Newlyn and (c) Portland.
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higher tide levels owing to longer periods of emergence. Different species
of algae also have varying morphologies, and form canopies of varying
thickness and color, which must affect their microclimatic influence to
some extent. The frequency and magnitude of disturbance events will
also moderate biology–microclimate interactions by altering surface
cover (Section 4.3). For example, stands of seaweed and mussels are
often plucked from the surface by waves (Gaylord et al., 2008), which
re-exposes surfaces to insolation. On rocky shores with abundant mobile
sediment, abrasionmay also limit growth (e.g., Airoldi, 1998), influencing
the proportion of the surface that is colonized or exposed to subaerial
decay.
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More broadly, the strength and magnitude of these interactions are
superimposed on regional climate regimes and seasonal influences. The
blanketing effect of biological cover is expected to be greatest in sum-
mer and winter, and in very hot and very cold climates where thermal
regimes are more critical for deterioration and biological mortality
(e.g., Crisp, 1964; Helmuth et al., 2002). For example, Sternberg et al.
(2011) and Viles et al. (2011) suggest that ivy canopies on historic
walls in the UK can reduce the efficiency of frost weathering in winter.
Research on the influence of intertidal macroalgae on winter microcli-
mates is currently being undertaken, but it is reasonable to assume
that a reduction in the frequency and efficiency of frost weathering
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events via thermal blanketing also operates at the coast, and may be
particularly relevant on some shores (e.g., Trenhaile and Mercan,
1984; Robinson and Jerwood, 1987).
4.3. A conceptual model

The data collected in thefield show that algal canopiesmoderatemi-
croclimate on intertidal coastal structures, and illustrate how seaweed
can have a bioprotective function via thermal blanketing. Disturbance
events altering the distribution and cover of seaweed may therefore
act to reduce or remove this bioprotective effect, while at the same
time, seaweed canopies may reduce fine-scale physical disturbance by
limiting mechanical decay of the substratum. More work is needed,
however, to quantitatively relate these interactions to actual rates of
rock breakdown. This is clearly a challenge owing to the numerous
interacting variables operating at varying scales that influence the spa-
tial and temporal efficiency of rock decay (Viles, 2001; Section 4.2).

Developing conceptual models can support hypothesis generation
about complex systems and inform new research questions (e.g., Viles
et al., 2008). Fig. 7 shows an idealized, temporalmodel of the interactions
between biological cover and microclimate as supported by the data
presented here, and the superimposed influence of disturbance events
in the intertidal zone. The left vertical axis (solid line in the model) rep-
resents a continuum of biological cover from a completely bare or
sparsely colonized surface (e.g., one that may result from an erosion
event or the surface of a new/recently built artificial structure) to a sur-
face completely covered by organisms (e.g., a thick algae canopy). The
right vertical axis (dashed line in the model) represents microclimatic
variability from low (i.e., a relatively stable temperature and humidity
regime) to high (i.e., a relatively unstable/fluctuating temperature and
humidity regime). Themodel suggests an overall inverse relationship be-
tween biological cover and near-surfacemicroclimatic variability. This is
supported by data presented above for algal canopies, which show a
dampening effect on thermal extremes and ranges, and short-term
temperature and humidity fluctuations compared to bare surfaces
(Section 4.1). This general relationship is important for rockdecay, asmi-
croclimate regimes influence the efficiency of breakdown processes in-
volving fluctuations in temperature and moisture such as warming–
cooling, wetting–dying and salt crystallization. In this way, the model
suggests that the potential for bioprotection against mechanical decay
(whether by direct stabilization of the surface or indirect microclimatic
stabilization) is expected to be comparatively higher on a fully colonized
surface than on a bare, uncolonized surface when exposed under the
same environmental conditions.
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Fig. 7. Conceptual model of interactions between biological cover (e.g., seaweed canopy cove
and microclimatic stability in the intertidal zone: (1) denotes a heavily colonized surfa
patchily-colonized surface (e.g., the monitoring site at Mylor).
The extreme left of the model [point (1)] represents conditions
where biological cover is high and microclimatic variability is corre-
spondingly low; the monitoring sites at Newlyn and Portland illustrate
such conditions, where the surface cover of seaweed is relatively com-
plete and thick (90% coverage in summer; Fig. 7). Conversely, point
(2) in themodel represents an opposite set of conditions, where biolog-
ical cover is absent, thin or patchy, andmicroclimatic variability is com-
paratively high. Point (2) is also the effective starting point for new – or
relatively young –materials arising from the construction of new coast-
al infrastructure, which have not yet become colonized. This is illustrat-
ed by the concrete wall at Mylor, which has a thin and patchy cover of
algae, and showed the lowest magnitude differences between cleared
and colonized plots with regards to microclimate.

Importantly, themodel suggests that disturbance events acting to re-
move or reduce biological cover can mediate transitions between such
relatively stable and unstable microclimatic states, at least at micro- to
meso-scales most relevant to weathering and ecological stress. ‘Distur-
bance Event 1’, for example, denotes an event of sufficiently highmagni-
tude to completely remove biological cover, or indeed the upper layer of
the substratum itself, resulting in a step-change between point (1) and
point (2) conditions (Fig. 7). This might include a large-scale erosion
event during a storm (e.g., Underwood, 1999) or mass mortality follow-
ing a period of hotweather (e.g., Harley, 2008). Parallel concepts of phase
shifts and the development of alternative community states are impor-
tant for ecological and biogeomorphological changes in a range of sys-
tems, including rocky shores (Paine and Trimble, 2004; King et al., in
press).

The model also recognizes that for bare surfaces, conditions may
change via natural succession, as colonization (or recolonization) occurs
through time (Fig. 7). Importantly, the rate of such ‘recovery’, denoted by
‘colonization/recolonization’ and ‘microclimatic stabilization’ in Fig. 7,
will depend on many factors such as tidal height, local larval/spore sup-
ply, and the geological and geomorphological properties of the substra-
tum that influence biological settlement and survival (e.g., Moschella et
al., 2005; Coombes et al., 2009; Coombes, 2011a). Indeed, a complete
cover of biota may never occur, irrespective of time, where physical
and biological conditions are limiting. Equally, lower-magnitude distur-
bance events (e.g., ‘Disturbance Event 2’ in Fig. 7) occurring during
phases of colonization/recolonization may revert conditions back to an
earlier state, when biological cover is lower andmicroclimatic variability
assumed to be greater. Such events might include plucking of a seaweed
clump fromwithin a larger stand of algae, or a localized increase in graz-
ing pressure (Menge and Sutherland, 1987). Where disturbance is fre-
quent, such as on urban structures that require maintenance, biological
recovery may be limited and the potential efficiency of bioprotection
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can be assumed to be comparatively low. In this study, the occurrence of
new algal sporlings in experimentally cleared patches over a period of
weeks and months indicates that the dynamics represented in the
model (i.e., colonization, disturbance, recolonization) can operate over
relatively short periods of time, at least when conditions for regrowth
are favorable. Finally, it is worth noting that while bioprotection is
expected to be most important where disturbance is low and biological
cover is correspondingly at its maximum, such conditions may not
represent themost ecologically beneficial state. For example, a communi-
ty dominated by a few macroalgae species may have high bioprotective
potential but low biodiversity value (although this will certainly not al-
ways be the case). Such disparity between the geomorphological and
ecological states that are perceived to be ideal, at least in terms of
bioprotection and biodiversity, respectively, may be an inherent chal-
lenge in complex biogeomorphological systems that warrants much
more theoretical and experimental attention.

5. Conclusions

In the first known study to quantitatively examine the influence of
macrobiota on conditions for mechanical weathering in the intertidal
zone, seaweed was found to significantly alter microclimate. Reduced
thermal maxima and dampened short-term fluctuations in temperature
and relative humidity were consistently measured beneath algal cano-
pies at low tide, regardless of location. Via a stabilizing effect onmicrocli-
mate, we suggest that canopy-formingmacroalgaemoderate the surface
weathering environment, reducing the efficiency of mechanical break-
down associatedwith fluctuations of temperature andmoisture. In addi-
tion to such bioprotective effects, seaweed canopies offermore favorable
habitat conditions for other organisms compared to bare surfaces. The
importance of these effects is predicted to vary in time and space as a
function of regional and local factors including climate and seasonality,
aspect, biological cover (including canopy thickness and plant density),
and tidal height. Furthermore, themagnitude and frequency of ecological
and physical disturbancemaymediate shifts from relatively stable to un-
stable microclimates via changes in biological abundance and surface
cover. At the same time, microclimate has feedbacks to disturbance, by
reducing or enhancing temperature-related mortality for example, or
the frequency of erosion events that are pre-conditioned by weathering.

Further work is now needed to examine how the complex interac-
tions and feedbacks between biology, microclimate and geomorpholo-
gy operate in different locations and under different environmental
regimes. Effort must be made to evaluate the influence of epibiota on
actual decay rates and to examine the potential bioprotective value of
different types of biological growth. This includes encrusting species
like barnacles that may directly protect surfaces as well as alter internal
rock temperature andmoisture regimes. It is also crucial to evaluate any
bioprotective influences against biodeteriorative effects thatmay be op-
erating concurrently. The implications of biotically-moderatedmicrocli-
mates for the efficiency of chemical decay processes, for example,
remain to be evaluated. This is a particularly difficult challenge, but a
combination of controlled laboratory experiments and field trials
would prove useful here (e.g., Viles et al., 2011).

Considerable opportunity also exists for the integration of
the respective geomorphological and ecological sub-disciplines of
biogeomorphology and ecosystem engineering on rocky shores, as is in-
creasingly being recognized in other environments (e.g., Francis et al.,
2009; Corenblit et al., 2011; Osterkamp et al., 2012). Indeed, specific
biogeomorphological interactions such as bioerosion, bioprotection,
and bioconstructionmay represent previously unrecognized ecosystem
engineering linkages in the intertidal zone as well as in other environ-
ments. For example, microclimatic buffering by seaweed not only re-
duces ecological disturbance associated with climatic extremes
(Thompson et al., 1996; Harley, 2006) but may also reduce the efficien-
cy of physical disturbance associatedwith the decay and erosion of hard
substrata. Furthermore, the direct involvement of organisms in the
decay and erosion of hard materials and the associated changes in
geomorphological properties and behaviors resulting from biological
activity (e.g., albedo, porosity, surface roughness etc.) can have
linked consequences for landform evolution and ecological commu-
nities that warrant much more investigation (Corenblit et al., 2011;
Jones, 2012).

In an applied context, using ecological enhancement methods to fa-
cilitate the colonization of hard coastal structures by species that moder-
ate microclimate and limit rates of deterioration could offer potential
engineering benefits alongside any associated biodiversity gains. In this
way, bioprotection may represent a previously unrecognized ecosystem
service in engineered coastal environments. Identifying and promoting
how and to what extent the organisms colonizing engineered structures
provide practical benefits or services to people, such asmeeting planning
requirements for ecological enhancement, or improving the durability of
constructionmaterials via bioprotection, should be a research priority if
managers and engineers are to be expected to include habitat provision
in the design of their structures. Recognizing that bioprotection is
unlikely to be important in an engineering/durability context in all
locations, further work is required to identify where these kinds of
biogeomorphological interactions are most relevant for management,
and which species offer the greatest potential to support wider engi-
neering, social and conservation targets.

Acknowledgments

This research is funded by the Esmée Fairbairn Foundation (Grant
no. 10-1180, www.exeter.ac.uk/bioprotection) and was supported by
a South West Regional Development Agency (SWRDA) and European
Regional Development Fund (EDRF) Knowledge Escalator Fellowship.
RCT was supported by the THESEUS Project (EU Grant no. 244104).
We thank the management authorities at Mylor Yacht Harbour,
Portland Port, and Newlyn Harbour for granting access to their struc-
tures in order to carry out the work.

References

Airoldi, L., 1998. Roles of disturbance, sediment stress, and substratum retention on
spatial dominance in algal turf. Ecology 79, 2759–2770.

Airoldi, L., Beck, M.W., 2007. Loss, status and trends for coastal marine habitats of
Europe. Oceanography and Marine Biology: An Annual Review 45, 345–405.

Angeli, M., Hébert, R., Menéndez, B., David, C., Bigas, J.P., 2010. Influence of temperature
and salt concentration on the salt weathering of a sedimentary stone with sodium
sulphate. Engineering Geology 115, 193–199.

Bertness, M.D., Leonard, G.H., Levine, J.M., Schmidt, P.R., Ingraham, A.O., 1999. Testing
the relative contribution of positive and negative interactions in rocky intertidal
communities. Ecology 80, 2711–2726.

Bolton, L., Veal, A., Taylor, L., 2009. The Water Framework Directive and the manage-
ment of physical habitats in estuaries and coasts. In: Allsop, N.W.H. (Ed.), Proceed-
ings of the ICE Conference on Coasts, Marine Structures & Breakwaters, vol. 2.
Thomas Telford, London, pp. 282–291. Edinburgh, Scotland, UK.

Brebbia, C.A., Gambin, T., 2003. Maritime Heritage. WIT Press, Southampton . 198 pp.
Bulleri, F., Chapman, M.G., 2010. The introduction of coastal infrastructure as a driver of

change in marine environments. Journal of Applied Ecology 47, 26–35.
Camuffo, D., 1995. Physical weathering of stones. The Science of the Total Environment

167, 1–14.
Cardell, C., Rivas, T., Mosquera, M.J., Birginie, J.M., Moropoulou, A., Prieto, B., Silva, B.,

Van Grieken, R., 2003. Patterns of damage in igneous and sedimentary rocks
under conditions simulating sea-salt weathering. Earth Surface Processes and
Landforms 28, 1–14.

Carter, N.E.A., Viles, H.A., 2003. Experimental investigations into the interactions be-
tween moisture, rock surface temperatures and an epilithic lichen cover in the
bioprotection of limestone. Building and Environment 38, 1225–1234.

Carter, N.E.A., Viles, H.A., 2004. Lichen hotspots: raised rock temperatures beneath
Verrucaria nigrescens on limestone. Geomorphology 62, 1–16.

Carter, N.E.A., Viles, H.A., 2005. Bioprotection explored: the story of a little known earth
surface process. Geomorphology 67, 273–281.

Chapman, M.G., 2003. Paucity of mobile species on constructed seawalls: effects of ur-
banization on biodiversity. Marine Ecology Progress Series 264, 21–29.

Chapman, M.G., Blockley, D.J., 2009. Engineering novel habitats on urban infrastructure
to increase intertidal biodiversity. Oecologia 161, 625–635.

CIRIA, 2007. The Rock Manual: the Use of Rock in Hydraulic Engineering (2nd edition),
C683. CIRIA, London . 1267 pp.

CIRIA, 2010. The Use of Concrete in Maritime Engineering — a Guide to Good Practice,
C674. CIRIA, London . 363 pp.

http://www.exeter.ac.uk/bioprotection


13M.A. Coombes et al. / Geomorphology 202 (2013) 4–14
Coombes, M.A., 2011. Biogeomorphology of Coastal Structures: Understanding interac-
tions between hard substrata and colonising organisms as a tool for ecological en-
hancement. PhD Thesis, Geography, College of Life and Environmental Sciences,
University of Exeter. 591 pp.

Coombes, M.A., 2011b. Rock warming and drying under simulated intertidal condi-
tions, part I: experimental procedures and comparisons with field data. Earth Sur-
face Processes and Landforms 36, 2114–2121.

Coombes, M.A., Naylor, L.A., 2012. Rock warming and drying under simulated intertidal
conditions, part II: weathering and biological influences on evaporative cooling
and near-surface micro-climatic conditions as an example of biogeomorphic eco-
system engineering. Earth Surface Processes and Landforms 37, 100–118.

Coombes, M.A., Naylor, L.A., Roast, S.D., Thompson, R.C., 2009. Coastal Defences and
Biodiversity: the influence of material choice and small-scale surface texture on bi-
ological outcomes. In: Allsop, N.W.H. (Ed.), Proceedings of the ICE Conference on
Coasts, Marine Structures & Breakwaters, vol. 2. Thomas Telford, London, pp.
474–485. Edinburgh, Scotland, UK.

Coombes, M.A., Naylor, L.A., Thompson, R.C., Roast, S.D., Gómez-Pujol, L., Fairhurst, R.J.,
2011. Colonization and weathering of engineering materials by marine microor-
ganisms: an SEM study. Earth Surface Processes and Landforms 36, 582–593.

Corenblit, D., Baas, A.C.W., Bornette, G., Darrozes, J., Delmotte, S., Francis, R.A., Gurnell,
A.M., Julien, F., Naiman, R.J., Steiger, J., 2011. Feedbacks between geomorphology
and biota controlling Earth surface processes and landforms: a review of founda-
tion concepts and current understandings. Earth-Science Reviews 106, 307–331.

Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K.,
Naeem, S., O'Neill, R.V., Paruelo, J., Raskin, R.G., Sutton, P., van den Belt, M., 1997.
The value of the world's ecosystem services and natural capital. Nature 387
(6630), 253–260.

Crisp, D.J., 1964. The effects of the winter of 1962/63 on the British marine fauna.
Helgoland Marine Research 10, 313–327.

Davison, A.P., 1986. An investigation into the relationship between salt weathering debris
production and temperature. Earth Surface Processes and Landforms 11, 335–341.

Dayton, P.K., 1971. Competition, disturbance, and community organization: the provi-
sion and subsequent utilization of space in a rocky intertidal community. Ecologi-
cal Monographs 41, 351–389.

Engelen, A.H., Åberg, P., Olsen, J.L., Stam, W.T., Breeman, A.M., 2005. Effects of
wave exposure and depth on biomass, density and fertility of the fucoid sea-
weed Sargassum polyceratium (Phaeophyta, Sargassaceae). European Journal
of Phycology 40, 149–158.

Francis, R.A., Corenblit, D., Edwards, J., 2009. Perspectives on biogeomorphology, eco-
system engineering and self-organisation in island-braided fluvial ecosystems.
Aquatic Sciences 71, 290–304.

Gaylord, B., Denny, M.W., Koehl, M.A.R., 2008. Flow forces on seaweeds: field evidence
for roles of wave impingement and organism inertia. The Biological Bulletin 215,
295–308.

Gómez-Heras, M., Smith, B.J., Fort, R., 2006. Surface temperature differences between
minerals in crystalline rocks: implications for granular disaggregation of granites
through thermal fatigue. Geomorphology 78, 236–249.

Gómez-Heras, M., Smith, B.J., Fort, R., 2008. Influence of surface heterogeneities of
building granite on its thermal response and its potential for the generation of
thermoclasty. Environmental Geology 56, 547–560.

Gómez-Pujol, L., Fornós, J.J., Swantesson, J.O.H., 2006. Rock surface millimetre-scale
roughness and weathering of supratidal Mallorcan carbonate coasts (Balearic
Islands). Earth Surface Processes and Landforms 31, 1792–1801.

Gómez-Pujol, L., Stephenson, W.J., Fornós, J.J., 2007. Two-hourly surface change
on supra-tidal rock (Marengo, Victoria, Australia). Earth Surface Processes and
Landforms 32, 1–12.

Goudie, A.S., 2000. Experimental physical weathering. Zeitschrift für Geomorphologie
47, 133–144.

Gutiérrez, J.L., Jones, C.G., Byers, J.E., Arkema, K.K., Berkenbusch, K., Commito, J.A.,
Durarte, C.M., Hacker, S.D., Hendricks, I.E., Hogarth, P.J., Lambrinos, J.G., Palomo,
M.G., Wild, C., 2010. Physical ecosystem engineers and the functioning of estuaries
and coasts. In: Heip, C.H.R., Philippart, C.J.M., Middleburg, J.J. (Eds.), Treatise on Es-
tuarine and Coastal Science, vol. 7. Elsevier. Chapter 5.

Hall, K., Lindgren, B.S., Jackson, P., 2005. Rock albedo and monitoring of thermal condi-
tions in respect of weathering: some expected and some unexpected results. Earth
Surface Processes and Landforms 30, 801–811.

Hall, K., Thorn, C., Sumner, P., 2012. On the persistence of ‘weathering’. Geomorphology
149–150, 1–10.

Halsey, D.P., Mitchell, D.J., Dews, S.J., 1998. Influence of climatically induced cycles in
physical weathering. The Quarterly Journal of Engineering Geology 31, 359–368.

Harley, C.D.G., 2006. Effects of physical ecosystem engineering and herbivory on inter-
tidal community structure. Marine Ecology Progress Series 317, 29–39.

Harley, C.D., 2008. Tidal dynamics, topographic orientation, and temperature-mediated
mass mortalities on rocky shores. Marine Ecology Progress Series 371, 37–46.

Harley, C.D.G., Helmuth, B.S.T., 2003. Local- and regional-scale effects of wave expo-
sure, thermal stress, and absolute versus effective shore level on patterns of inter-
tidal zonation. Limnology and Oceanography 48, 1498–1508.

Helmuth, B.S.T., Hofmann, G.E., 2001. Microhabitats, thermal heterogeneity, and pat-
terns of physiological stress in the rocky intertidal zone. The Biological Bulletin
201, 374–384.

Helmuth, B., Harley, C.D.G., Halpin, P.M., O'Donnell, M., Hofmann, G.E., Blanchette, C.A.,
2002. Climate change and latitudinal patterns of intertidal thermal stress. Science
298 (5595), 1015–1017.

Hutchinson, N., Williams, G.A., 2003. Disturbance and subsequent recovery of mid-
shore assemblages on seasonal, tropical, rocky shores. Marine Ecology Progress Se-
ries 249, 25–38.
Jayakumar, S., Saravanane, R., Sundararajan, T., 2010. Detrimental effects on coastal
concrete structures by Chaetomorpha Antennina. Journal of Materials in Civil Engi-
neering 22, 858–864.

Jenkins, K.A., Smith, B.J., 1990. Daytime rock surface temperature variability and its impli-
cations formechanical rockweathering: Tenerife, Canary Islands. Catena 17, 449–459.

Jones, C.G., 2012. Ecosystem engineers and geomorphological signatures in landscapes.
Geomorphology 157–158, 75–87.

Jones, C.G., Lawton, J.H., Shachak, M., 1994. Organisms as ecosystem engineers. Oikos
69, 373–386.

King, E.G., Franz, T.E., Caylor, K.K., in press. Ecohydrological interactions in a degraded
two-phase mosaic dryland: implications for regime shifts, resilience, and restora-
tion. Ecohydrology. http://dx.doi.org/10.1002/eco.260.

Leonard, G.H., 1999. Positive and negative effects of intertidal algal canopies on recruit-
ment and survival of barnacles. Marine Ecology Progress Series 178, 241–249.

Mangi, S.C., Davis, C.E., Payne, L.A., Austen, M.C., Simmonds, D., Beaumont, N.J., Smyth,
T., 2011. Valuing the regulatory services provided by marine ecosystems.
Environmetrics 22, 686–698.

Martins, G.M., Thompson, R.C., Neto, A.I., Hawkins, S.J., Jenkins, S.R., 2010. Enhancing
stocks of the exploited limpet Patella candei d'Orbigny via modifications in coastal
engineering. Biological Conservation 143, 203–211.

McGreevy, J.P., Warke, P.A., Smith, B.J., 2000. Controls on stone temperatures and the
benefits of interdisciplinary exchange. Journal of the American Institute for Conser-
vation 39, 259–274.

Mendez, F.J., Losada, I.J., 2004. An empirical model to estimate the propagation of ran-
dom breaking and nonbreaking waves over vegetation fields. Coastal Engineering
51, 103–118.

Menge, B.A., Sutherland, J.P., 1987. Community regulation: variation in disturbance,
competition, and predation in relation to environmental stress and recruitment.
The American Naturalist 130, 730–757.

Moschella, P.S., Abbiati, M., Åberg, P., Airoldi, L., Anderson, J.M., Bacchiocchi, F., Bulleri,
F., Dinesen, G.E., Frost, M., Gacia, E., Granhag, L., Jonsson, P.R., Satta, M.P., Sundelöf,
A., Thompson, R.C., Hawkins, S.J., 2005. Low-crested coastal defence structures as
artificial habitats for marine life: using ecological criteria in design. Coastal Engi-
neering 52, 1053–1071.

Mottershead, D.N., in press. Coastal weathering. In: Pope, G.A. (Ed.), Weathering and
Soils Geomorphology. Treatise on Geomorphology vol. 4. Elsevier, Amsterdam.

Mottershead, D.N., Gorbushina, A., Lucas, G., Wright, J., 2003. The influence of marine
salts, aspect and microbes in the weathering of sandstone in two historic struc-
tures. Building and Environment 38, 1193–1204.

Moura, D., Gabriel, S., Gamito, S., Santos, R., Zugasti, E., Naylor, L., Gomes, A., Tavares,
A.M., Martins, A.L., 2012. Integrated assessment of bioerosion, biocover and
downwearing rates of carbonate rock shore platforms in southern Portugal. Conti-
nental Shelf Research 38, 79–88.

Naylor, L.A., Viles, H.A., 2002. A new technique for evaluating short-term rates of coastal
bioerosion and bioprotection. Geomorphology 47, 31–44.

Naylor, L.A., Venn, O., Coombes, M.A., Jackson, J., Thompson, J.C., 2011. Including eco-
logical enhancements in the planning, design and construction of hard coastal
structures: a process guide. Report by the University of Exeter for the Environment
Agency. 66 pp.

Naylor, L.A., Coombes, M.A., Viles, H.A., 2012a. Reconceptualising the role of organisms
in the erosion of rock coasts: a new model. Geomorphology 157–158, 17–30.

Naylor, L.A., Coombes, M.A., Venn, O., Roast, S.D., Thompson, R.C., 2012b. Facilitating
ecological enhancement of coastal infrastructure: the role of policy, people and
planning. Environmental Science & Policy 22, 36–46.

Osterkamp, W.R., Hupp, C.R., Stoffel, M., 2012. The interactions between vegetation and
erosion: new directions for research at the interface of ecology and geomorpholo-
gy. Earth Surface Processes and Landforms 37, 23–36.

Paine, R.T., Trimble, A.C., 2004. Abrupt community change on a rocky shore— biological
mechanisms contributing to the potential formation of an alternative state. Ecolo-
gy Letters 7, 441–445.

Porter, N.J., Trenhaile, A.S., 2007. Short-term rock surface expansion and contraction in
the intertidal zone. Earth Surface Processes and Landforms 32, 1379–1397.

Robinson, D.A., Jerwood, L.C., 1987. Sub-aerial weathering of chalk shore platforms
during harsh winters in southeast England. Marine Geology 77, 1–14.

Smith, B.J., Warke, P.A., Curran, J.M., 2004. Implications of climate change and increased
‘time-of-wetness’ for the soiling anddecay of sandstone structures in Belfast, Northern
Ireland. In: Přikryl, R. (Ed.), Dimension Stone. Taylor & Francis, London, pp. 9–14.

Smith, B., McCabe, S., McAllister, D., Adamson, C., Viles, H., Curran, J., 2011. A commen-
tary on climate change, stone decay dynamics and the ‘greening’ of natural stone
buildings: new perspectives on ‘deep wetting’. Environmental Earth Sciences 63,
1691–1700.

Sousa, W.P., 1985. Disturbance and patch dynamics on rocky intertidal shores. In:
Pickett, S.T.A., White, P.S. (Eds.), The Ecology of Natural Disturbance and Patch Dy-
namics. Academic Press, London, pp. 101–124.

Stephenson, W.J., Kirk, R.M., 2000. Development of shore platforms on Kaikoura
Peninsula, South Island, New Zealand: Part II: the role of subaerial weathering.
Geomorphology 32, 43–56.

Stephenson, W.J., Kirk, R.M., 2001. Surface swelling of coastal bedrock on inter-tidal
shore platforms, Kaikoura Peninsula, South Island, New Zealand. Geomorphology
41, 5–21.

Sternberg, T., Viles, H., Cathersides, A., 2011. Evaluating the role of ivy (Hedera helix) in
moderating wall surface microclimates and contributing to the bioprotection of
historic buildings. Building and Environment 46, 293–297.

Sumner, P.D., Loubser, M.J., 2008. Experimental sandstone weathering using different
wetting and drying moisture amplitudes. Earth Surface Processes and Landforms
33, 985–990.



14 M.A. Coombes et al. / Geomorphology 202 (2013) 4–14
Thaulow, N., Sahu, S., 2004. Mechanism of concrete deterioration due to salt crystalli-
zation. Materials Characterization 53, 123–127.

Thompson, R.C., Wilson, B.J., Tobin, M.L., Hill, A.S., Hawkins, S.J., 1996. Biologically gen-
erated habitat provision and diversity of rocky shore organisms at a hierarchy of
spatial scales. Journal of Experimental Marine Biology and Ecology 202, 73–84.

Thompson, R.C., Crowe, T.P., Hawkins, S.J., 2002. Rocky intertidal communities: past
environmental changes, present status and predictions for the next 25 years. Envi-
ronmental Conservation 29, 168–191.

Thomsen, M.S., Wernberg, T., Altieri, A., Tuya, F., Gulbransen, D., McGlathery, K.J., Holmer,
M., Silliman, B.R., 2010. Habitat cascades: the conceptual context and global relevance
of facilitation cascades via habitat formation and modification. Integrative and Com-
parative Biology 50, 158–175.

Thrush, S.F., Chiantore, M., Asnagi, V., Hewitt, J., Fiorentino, D., Cattaneo-Vietti, R., 2011.
Habitat–diversity relationships in rocky shore algal turf infaunal communities. Ma-
rine Ecology Progress Series 424, 119–132.

Trenhaile, A.S., 2006. Tidal wetting and drying on shore platforms: an experimental
study of surface expansion and contraction. Geomorphology 76, 316–331.

Trenhaile, A.S., 2011. Cliffs and rock coasts. In:Wolanski, E., McLusky, D. (Eds.), Treatise on
Estuarine andCoastal Science, vol. 3. Academic Press,WalthamMA,USA, pp. 171–191.

Trenhaile, A.S., Mercan, D.W., 1984. Frost weathering and the saturation of coastal
rocks. Earth Surface Processes and Landforms 9, 321–331.

Trudgill, S.T., 1987. Bioerosion of intertidal limestone, Co. Clare, Eire— 3: zonation, process
and form. Marine Geology 74, 111–121.
Trudgill, S.T., 1988. Integrated geomorphological and ecological studies on rocky
shores in Southern Britain. Field Studies 7, 239–279.

Underwood, A.J., 1999. Physical disturbances and their direct effect on an indirect
effect: responses of an intertidal assemblage to a severe storm. Journal of Experi-
mental Marine Biology and Ecology 232, 125–140.

Viles, H.A., 1995. Ecological perspectives on rock surface weathering: towards a con-
ceptual model. Geomorphology 13, 21–35.

Viles, H.A., 2001. Scale issues in weathering studies. Geomorphology 41, 63–72.
Viles, H.A., 2005. Microclimate and weathering in the central Namib Desert, Namibia.

Geomorphology 67, 189–209.
Viles, H.A., Naylor, L.A., Carter, N.E.A., Chaput, D., 2008. Biogeomorphological distur-

bance regimes: progress in linking ecological and geomorphological systems.
Earth Surface Processes and Landforms 33, 1419–1435.

Viles, H.A., Sternberg, T., Cathersides, A., 2011. Is ivy good or bad for historic walls?
Journal of Architectural Conservation 17, 25–41.

Warke, P.A., Smith, B.J., Magee, R.W., 1996. Thermal response characteristics of stone:
implications for weathering of soiled surfaces in urban environments. Earth Surface
Processes and Landforms 21, 295–306.

Wethey, D.S., 2002. Biogeography, competition, andmicroclimate: the barnacle Chthamalus
fragilis in New England. Integrative and Comparative Biology 42, 872–880.


	Bioprotection and disturbance: Seaweed, microclimatic stability and conditions for mechanical weathering in the intertidal zone
	1. Introduction
	2. Methods
	2.1. Study sites
	2.2. Continuous temperature data (across tides)
	2.3. Periodic temperature and humidity data (between tides)
	2.4. Data analysis

	3. Results
	3.1. Daily maximum temperatures
	3.2. Daily temperature range
	3.3. Microclimatic variability at low tide

	4. Discussion
	4.1. The influence of seaweed on microclimate
	4.2. Spatial and temporal variability
	4.3. A conceptual model

	5. Conclusions
	Acknowledgments
	References


