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Abstract

Biogeomorphological processes are an important component of dynamic intertidal systems.
On rocky shores, the direct contribution of microorganisms, plants and animals to weathering
and erosion is well known. There is also increasing evidence that organisms can alter rock
breakdown indirectly, by moderating temperature and moisture regimes at the rock—air
interface. These influences have been purported to represent mechanisms of bioprotection, by
buffering microclimatic fluctuations associated with weathering processes such as wetting
and drying and salt crystallisation. However, virtually nothing has been done to test whether
microclimatic buffering translates to differences in actual rock breakdown rates.

Here we report a preliminary laboratory experiment to assess how an artificial canopy
(chosen to represent seaweed) affects mechanical rock breakdown. Using a simplified and
accelerated thermal regime based on field data from on a rocky shore platform in southern
England, UK, we find that breakdown (mineral debris release) of mudstone covered with a
canopy is reduced by as much as 79% relative to bare rock after around 100 thermal cycles.
Reduction in rock surface hardness (measured using an Equotip device) was also greater for
bare rock (17%) compared to covered rock (10%) over this period. Measurements of salt
crystal formation indicate that the mechanism driving these differences was a reduction in the
frequency of crystallisation events, via moisture retention and shading of the rock surface.
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breakdown, salt crystallization



Introduction

The roles of organisms (microorganisms, plants and animals) in geomorphology are
increasingly recognised in a range of environments across a broad spectrum of spatial and
temporal scales (Reinhardt et al., 2010; Corenblit et al., 2011; Butler and Sawyer, 2012). This
includes the intertidal zone where bioerosion is known to play a role in the development of
rock landforms and landscapes (e.g. Naylor et al., 2012). However, proportionally very little
work has been done on the possible protective roles of organisms with respect to rock
breakdown (termed 'bioprotection', see Carter and Viles, 2005).

In the built environment, microclimatic data have been used to infer a bioprotective role for
vegetation canopies with respect to stone decay, via thermal buffering and protection from
damaging frosts for example (Sternberg et al., 2011; Viles et al., 2011a). In the intertidal
zone, where weathering is dominated by tidal inundation and salts (Mottershead, 2013;
Coombes, 2014), marine macroalgae (seaweed) canopies have similarly been found to reduce
the magnitude and frequency of across-tide (diurnal) and between-tide (minutes to hours)
fluctuations in rock-surface microclimate (Coombes et al., 2013a). Based on this work it was
hypothesised that seaweed canopies may reduce the rate of rock breakdown by decreasing the
efficiency of mechanical weathering processes, namely wetting and drying, warming and
cooling, and the frequency of salt crystallisation during periods of low tide. While Coombes
et al. (2013a) provide evidence of the mechanisms by which this mode of bioprotection may
occur (i.e. thermal buffering and water retention), as yet there is no direct evidence of
whether these effects influence actual rock breakdown rates. In order to test this, we
developed a simple laboratory-based experiment to assess the influence of an artificial
canopy on rock mineral debris loss, salt crystallisation and hardness change under an
accelerated weathering regime.

Methodology
Rock samples

Samples of rock were obtained from the same bed of a shore platform at Croyde Bay, North
Devon, UK (51°08'01.80"N, 4°14'26.28"W) (Figure 1). The platform is comprised of
mudstone from the Pilton Mudstone Formation, of Upper Devonian (Famennian) age
(Whittaker and Leveridge, 2011). Uniformly-sized sample blocks (50 mm x 50 mm x 30 mm)
were cut from the platform material such that five faces were freshly cut and one face (the
test surface) was pre-weathered. The use of pre-weathered samples in laboratory weathering
experiments has been previously advocated (Mottershead, 1982; Warke and Smith, 2007).
The five cut faces of each block were coated in polyurethane varnish to ensure that the
exchange of moisture and salts could only occur through the remaining unvarnished face
(Smith and McGreevy, 1983). This procedure is thought to better replicate in situ rock masses
(Smith et al., 2005; Coombes, 2011). The prepared blocks were then washed in distilled water
to remove any loose debris from cutting, oven dried for 24 hours at 105°C, and their initial
dry weight determined. For this preliminary study, six prepared blocks were subjected to an



accelerated tidal weathering regime (outlined below) and an additional two blocks were
stored in ambient laboratory conditions as controls.

Weathering simulation

The procedure used to simulate tidal conditions in the laboratory is shown schematically in
Figure 2. The six prepared blocks were immersed in an artificial seawater solution (Tropic
Marin®) of salts (35 parts per thousand) and trace elements for three hours, representing tidal
inundation. These blocks were repeatedly re-immersed (the ‘wetting phase’ in Figure 2)
every three days, for the same period of time, over the course of the experiment (a total of 12
immersions). Between wetting phases, blocks were subjected to an accelerated climatic
regime (the ‘drying phase’ in Figure 2) in an environmental chamber (Binder KBF115)
(Figure 3a).

Following the approach used to assess the influence of other intertidal organisms on rock
thermal regimes (e.g. Coombes, 2011; Coombes and Naylor, 2012; Coombes et al., 2014), the
chamber was programmed to simulate conditions representative of those occurring in the
field. Based on monitoring on the platform at Croyde Bay during summer 2012, a constant
relative humidity of 80% was adopted for the simulation. The peak rock-surface temperature
recorded during the same summer was +40°C, adopted as the upper value for the simulation.
The average minimum temperature across several years for the month of January (+3°C) was
adopted as the lower simulated value, as determined from meteorological data for the nearest
climate station at Chivenor (UK Met Office). The simulated thermal cycle therefore consisted
of a warming period from +3°C to +40°C over 4 hours, followed by a cooling period from
+40°C to +3°C over the following 4 hours (Figure 3b). This cycle was continuously repeated
(i.e. 3 cycles every 24 hours) giving roughly 105 full cycles over the 5 week experiment. This
approach represents a simplified and accelerated temperature cycle within the bounds of
annual meteorological conditions occurring on a temperate rocky shore, in a year with a
relatively hot summer. The potential for mechanical rock breakdown on temperate intertidal
platforms is thought to be greatest under hot summer conditions, when the efficiency of rock
warming and drying during low tides will be greatest (Coombes, 2014).

In addition to ambient thermal cycling in the cabinet, blocks were directly heated using a
lamp. Radiant heating in this way replicates the warming of rock via insolation—as occurs in
the field—much better as temperatures are determined both by the thermal properties of the
rock as well as the air (Warke and Smith, 1998; Smith et al., 2005). The lamp was set to
switch on and off at 15-minute intervals using an automatic timer, simulating short-term
variability in heating that occurs in the field when rock and stone surfaces are exposed to the
air during the day (e.g. Jenkins and Smith, 1990) (Figure 3a). At low tide on rocky shores,
thermal variability over these timescales occurs as a function of wind gusts and interruptions
to insolation by passing cloud (Coombes, 2011).

During simulation phases in the cabinet, the blocks were embedded in expanded polystyrene.
This was to further ensure conditions were as representative of larger rock masses as far as
possible, by minimising edge effects and concentrating thermal exchange through the upper



weathered face (McGreevy, 1985; Carter and Viles, 2003; Smith et al., 2005; Coombes,
2011). To test the influence of canopy cover on breakdown rates, three of the blocks were
covered by an artificial ‘seaweed canopy’ and three blocks were left uncovered (Figure 3c).
The canopy consisted of 50 strips (1 cm x 14 cm) of chemically inert black foam, which
resolved the impracticality of using live seaweed in the cabinet. Simple drying experiments
showed that the foam had comparable water-holding properties to real seaweed blades, and as
such was deemed a suitable practical substitute. Seaweed forms thick canopies on most lower
rocky shore surfaces (as well as on hard engineered structures) with dominant species and
density largely dependent on tidal height and prevailing wave conditions. Whilst we did not
aim to simulate a specific species, this set-up represents two extremes of a spectrum of
canopy cover — no cover (bare rock) and completely covered rock (Figure 3c¢).

Hygrochron and Thermochron iButton® loggers were positioned in the cabinet, adjacent to
both bare and ‘colonised’ blocks, for the duration of the experiment to record near-surface
microclimate at 1-minute intervals. The iButtons were covered in aluminium foil to prevent
direct heating of the metal components of the loggers (Carter and Viles, 2003; Coombes,
2011).

Rock breakdown

As a direct measure of rock breakdown, debris was collected from each block cumulatively at
weekly intervals (including controls) by brushing the surface with a soft brush over white
paper. This was done prior to the re-immersion of the blocks in seawater solution, before
each wetting phase (Figure 2). Debris was carefully transferred to plastic weighing boats and
dried at 60°C for 24 hours prior to weighing. To distinguish between mineral debris and
crystallised salts, the dried debris was subsequently soaked in 50 ml of distilled water and
shaken periodically for three hours. Samples were then centrifuged at 3,000 rps for 15
minutes, to separate mineral debris from the solution (containing any dissolved salt), which
was carefully siphoned off using a pipette (after Smith and McGreevy, 1983). The remaining
debris was then re-dried and re-weighed. This method allowed the mass of mineral rock
debris to be determined as a direct measure of breakdown alongside the mass of salts, as a
measure of the intensity/frequency of crystallisation occurring at the rock surface.

As a further indicator of breakdown, the surface hardness of all sample blocks was
determined before and after the simulation (dried to constant weight in each case). Changes
in rock hardness measured using impact-rebound devices are thought to reflect often fine-
scale (< mm) chemical and mechanical alteration of constituent minerals and bonding agents
occurring during the weathering process (Goudie, 2006; Aoki and Matsukura, 2007). For
these measurements we used an Equotip (Piccolo type, Proceq) given its sensitivity to
hardness variations in the uppermost layers of rock (Viles et al., 2011b; Coombes et al.,
2013b). Before and after the simulation, 90 equally-spaced measurements were made across
the entire surface of each block face (excluding the outer 0.5 mm to avoid edge effects).
Paired t-tests were used to test for changes in the hardness of each block before and after the
experiment. Data were checked for normality and homogeneity of variance using a Shapiro-



Wilk test and Levene’s test, respectively, and data were transformed where appropriate. All
tests were carried out using Sigmaplot® computer software.

Results and discussion
The influence of canopy cover on rock-surface microclimates

Figure 4 shows near-surface temperature data for bare and ‘colonised’ blocks over a
representative 24 hr period. Near-surface conditions reflected the programmed thermal
regime well, with clearly-defined cycles of warming and cooling. Superimposed upon this,
the influence of direct warming from the lamp is indicated by the saw-tooth temperature
curves, most noticeable for bare blocks during cooling phases (Figure 4); short-term thermal
fluctuations were comparatively dampened for ‘colonised’ blocks. The covered rock samples
remained cooler over the majority of the experimental run, with noticeably lower thermal
peaks, in the order of 3—4 °C cooler (Figure 4). This reflects canopy shading effects, moisture
retention and probable enhanced evaporative cooling relative to the bare samples that dried
out quickly. Observations in the field show that bare rock dries out more frequently and more
quickly than algae-covered rock (Coombes et al., 2013a), indicating that our use of an
artificial canopy was an effective means of simulating these effects in the laboratory.

Relatively humidity was recorded during the experiment, but the covered loggers were
subject to instrumental error owing to the consistently wet conditions under the artificial
canopy. Nevertheless, the frequency and magnitude of short-term fluctuations in relative
humidity were dampened under the canopy, and humidity values were always higher (by
about 20-30%) relative to the bare samples.

The influence of canopy cover on mineral and salt debris

The weekly mass of mineral debris and salt collected from the surfaces of blocks during the
experiment is shown in Figure 5. Given the small number of samples employed in this
preliminary experiment we have chosen not to apply statistical tests to these data. A
measurable reduction in the breakdown rate of covered blocks was, nevertheless, observed;
debris loss was consistently lower for blocks when covered with a canopy compared to bare
blocks, particularly during the first two weeks of the experiment. At the end of the 5-week
simulation, a total of 0.038 + 0.010 g of mineral debris had been collected from the bare
blocks compared to 0.008 = 0.001 g from the covered blocks, an overall difference of 0.03 g
(79%). For the control blocks, which were not exposed to accelerated weathering conditions,
total loss was negligible (Figure 5).

Concurrent measurement of salt crystal formation help identify the mechanism by which
these differences mineral breakdown rates occur; more salt was collected from the bare
samples (0.018 £ 0.004 g in total) compared to the ‘colonised’ (0.005 £ 0.001 g) and control
(< 0.000 £ 0.000 g) blocks. This is taken to reflect a reduction in the frequency and extent of
rock drying under the canopy, and thus the likelihood of salt crystallisation occurring. In



contrast, visual observations indicated that the bare blocks became sufficiently dry for salt
crystals to form during each drying phase.

The influence of canopy cover on rock surface hardness

Figure 6 shows mean rock surface hardness for the three experimental treatments (control,
bare, and covered) before and after the simulation. Rock surface hardness decreased for every
block exposed to the accelerated weathering cycle (paired t-test p < 0.001 in all cases), while
differences in the hardness of control blocks were not significant (Figure 6). Observed
hardness change for the cabinet blocks can therefore be attributed to weathering during the
simulation rather than an artefact of sampling and time alone. Overall, the surface hardness of
bare samples was reduced by 17% compared to 10% for the ‘colonised’ blocks, and 0.9% for
the control blocks (Figure 7).

Significance for weathering on rocky coasts

As well as reducing the frequency of damaging salt crystallisation, our experimental results
indicate that canopy-forming algae may protect rock by buffering fluctuations in moisture.
Our observations of dampened changes in rock-surface relative humidity and reduced drying
under canopies via the retention of moisture support this. This is of particular significance for
intertidal landforms composed of argillaceous rock (including mudstone used here) that are
subject to repeated swelling and shrinking in response to tidal wetting and drying
(Stephenson and Kirk, 2001; Kanyaya and Trenhaile, 2005; Trenhaile, 2006; Porter and
Trenhaile, 2007; Doostmohammadi et al., 2009; Porter et al., 2010; Zhang et al., 2010).
Dampened expansion and contraction in association with temperature fluctuations (i.e.
thermal fatigue effects, Hall and Thorn, 2014) may also represent a protective mechanism on
algae-covered rocky shores (e.g. Hemmingsen et al., 2007; Coombes et al., 2013a). The
geomorphological significance of algae bioprotection for rocky shore platforms, with respect
to topographic change and progressive reductions of mass strength, will be greatest for those
comprising vulnerable lithologies like mudstone (e.g. Stephenson and Kirk, 2000). Our
preliminary data provide the first quantitative evidence of previously implied mechanisms by
which algal canopies probably limit rock breakdown, by retaining moisture, buffering
swelling and shrinking cycles, and reducing the frequency of salt crystallisation relative to
bare rock. A reduction in the rate of hardness loss of ‘colonised’ rock samples demonstrates
these effects alongside direct measures of mass loss.

Conclusion

Using an accelerated weathering experiment simulating temperate summertime conditions,
we found that an artificial canopy reduced the amount of mineral debris release from
mudstone in comparison to bare rock over a five week period (representing around 105 tidal
cycles). Our data indicate that buffering of warming/drying cycles by canopy-forming
seaweed has two important implications with respect to mechanical modes of rock
breakdown. First, dampened microclimatic fluctuations under dense canopies provides a



mechanism by which swelling and shrinking in association with wetting and drying are
limited and, second, by which the frequency of salt crystallisation events is reduced via
moisture retention. The greater amounts of salts collected from the surfaces of bare rock
samples provide strong evidence for this as an indirect (i.e. passive) bioprotective
mechanism. Furthermore, while hardness loss was significant for all samples over the course
the experiment (Figure 6), the magnitude of change was consistently reduced when covered
with an artificial canopy. These observations add to previous suggestions that seaweeds can
play a bioprotective role on rocky shores (Stephenson and Kirk, 2000; Moura et al., 2012;
Coombes et al., 2013a), offering the first laboratory-based experimental evidence of lower
breakdown rates and of the mechanism by which this occurs.

Whilst our data demonstrate how moisture retention by canopy-forming species is probably
protective with respect to salt crystallisation, the influence of these effects on chemical
weathering requires further investigation. The nature of other biological weathering and
erosion processes may also be affected by canopy cover, by altering the abundance of
microbial biofilms and bioeroders such as limpets and snails for example (Bertness et al.,
1999; Hutchinson et al., 2006; Wikstrom and Kautsky, 2007), but this remains to be
investigated in any great detail. The relative importance of bioprotection under different tidal
regimes and thermal regimes would prove a particularly interesting area of future study, as
microclimatic buffering may well be greatest in hotter climates where wetting and drying
cycles are more pronounced (Stephenson et al. 2013; Coombes, 2014). On the other hand,
buffering of very cold conditions (i.e. frosts) may too be important under certain climatic
regimes (e.g. Trenhaile, 2014). Laboratory based experiments similar to the one we have
described offer great promise here, particularly if coupled with field-based monitoring. Rock
properties such as thermal capacity, porosity and strength (McGreevy, 1985; Sunamura,
1994) will no doubt have some bearing on the efficiency and importance of bioprotection (not
only by seaweed but other species too) and this needs to be looked at in more detail. Lastly,
the influence of factors controlling the density of plants and canopy thickness on rocky shores
(including tidal height, wave exposure and disturbance, and species morphological traits)
need to be considered more in a biogeomorphological context, as we believe biomass will be
a particularly strong predictor of bioprotective potential in a range of settings.
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Figure Captions:

Fig. 1.

Location of Croyde Bay, North Devon, UK.
Fig. 2.

Schematic representation of the accelerated tidal cycle simulated in the laboratory
(immersion during wetting phases was in synthetic seawater and drying phases were
simulated in an environmental cabinet).

Fig. 3.

Experimental procedures: (a) samples in an environmental cabinet during the ‘drying phase’;
(b) climate regime simulated in the environmental cabinet during drying phases; (c) sample
blocks showing use of an artificial canopy for ‘colonised’ blocks (representing fully-
colonised rock), bare blocks, and control blocks. iButton thermochrons were used to record
microclimate adjacent to bare and covered (not visible) samples.

Fig. 4.

Near-surface temperature data for bare (solid line) and ‘colonised’ (dotted line) blocks during
drying phases of the simulation.

Fig. 5.

Mean mass of mineral and salt debris collected from control, bare, and ‘colonised’ samples of
mudstone for week of the simulation period (n = 3 for bare and colonised blocks, n =2 for
controls).

Fig. 6.

Surface hardness of each sample block before and after the weathering simulation, as
measured using an Equotip piccolo (mean + SD, n = 90, Student’s t-test statistical
significance as shown).

Fig. 7.

Hardness change for different experimental treatments following the simulation (mean + SD,
n =3 for bare and ‘colonised’ treatment, n = 2 for control treatment).



