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ABSTRACT: The methionine-derived secondary metabolite dimethylsulfoniopropionate (DMSP) is
believed to function in cryoprotection, defense against herbivory, and reduction of oxidative stress in
some seaweeds. The ability to produce DMSP, and modify its concentration according to environmental conditions, may confer adaptive advantages to these algae. We studied the spatial and temporal distribution of DMSP content in Codium fragile off the Atlantic coast of Nova Scotia. Levels of
DMSP in C. fragile were highest in boreal spring (~2% of total dry wt) and lowest in fall (~1%), and
negatively related to seawater temperature. DMSP content differed among sites and tended to
decrease or remain constant with depth. In tide pools, partially bleached algae contained less DMSP
than undamaged individuals, consistent with the putative function of DMSP in response to oxidative
stress. Results of field- and laboratory-based experiments, designed to examine plasticity in DMSP
production by C. fragile, indicate that it increases with light intensity, exposure to sea urchin grazing,
and decreasing temperature.
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INTRODUCTION
Marine algae produce a diverse array of chemical
compounds that, unlike primary metabolites such as
proteins and nucleic acids, are not essential to their
normal growth or reproduction. Many of these algal
secondary metabolites serve important ecological
functions, including protection against herbivores and
other natural enemies (Yates & Peckol 1993, de Nys et
al. 1995), alleopathic interactions with other algae
(Schmidt & Hansen 2001), and acclimation to changing
or stressful environmental conditions (Kirst 1996,
Karsten et al. 1996, Sunda et al. 2002). Quantitative
variation in the concentration of secondary metabolites
is common, and occurs over a range of spatial and temporal scales (Van Alstyne et al. 2001a). This variation
can be generated by heritable differences between
individuals (Wright et al. 2004, Haavisto et al. 2010) or

by environmental factors, such as nutrient concentrations, herbivory, light, and temperature (Karsten et al.
1992, Yates & Peckol 1993).
Although secondary metabolites can reduce mortality, enhance performance and limit the competition an
alga experiences, their production is also associated
with a number of costs. Furanone production is negatively correlated with fecundity in the red alga
Delisea pulchra, and phlorotannin production is negatively correlated with growth in the brown alga Fucus
vesiculosus (Dworjanyn et al. 2006, Jormalainen &
Ramsay 2009). Such costs, coupled with the often
concentration-dependant functioning of secondary
metabolites, create a condition where an alga might
be expected to control allocation of resources towards
secondary metabolites in response to demands for
their ecological function (Cronin 2001). Furthermore,
secondary metabolite concentrations may fall as they
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are exhausted through use, or if their production is deprioritized when resources are limited.
The methionine-derived compound dimethylsulfoniopropionate (DMSP) has a number of putative ecological and physiological functions in marine algae.
Physiological functions attributed to DMSP and its associated compounds include osmotic acclimation, cryoprotection, and an antioxidant response to stress (Kirst
1996, Karsten et al. 1996, Sunda et al. 2002). DMSP
production, and its enzymatic cleavage into dimethylsulfide (DMS) and acrylic acid, may serve as an overflow mechanism for excess carbon and sulfur, particularly under nitrogen limiting conditions or during
protein turnover (Stefels 2000). Also, both DMS and
acrylic acid play a role in the anti-grazing defense of
marine macroalgae by deterring some species of sea
urchins and snails (Van Alstyne et al. 2001b, Van
Alstyne & Houser 2003, Lyons et al. 2007).
In the present study, we document quantitative variation in the concentrations of DMSP in the invasive
green alga Codium fragile ssp. fragile (formerly ssp.
tomentosoides, Provan et al. 2008; Codium fragile hereafter), and investigate the role of environmental factors
that may contribute to this variation through their influence on resource availability and the alga’s requirements for DMSP’s putative functions. The success of C.
fragile as an introduced and invasive species has often
been attributed to traits that may be linked to its production of DMSP: it flourishes under a wide range of
environmental conditions, is tolerant of physiological
stresses, and is undesirable for many generalist herbivores (Trowbridge 1998, Schaffelke & Deane 2005).
Here, we examine patterns in DMSP content in C. fragile at different sites, and depths within sites, in the
rocky subtidal zone (and intertidal zone at one site) on
the Atlantic coast of Nova Scotia, between 2004 and
2009. We also examine simple or interactive effects of
water temperature, light intensity and herbivory on
DMSP content in C. fragile in field and laboratory experiments. We predict that DMSP content will increase
at low temperature and with increasing light intensity,
consistent with its putative roles as a cryoprotectant
and sink for excess sulfur and carbon, respectively.
Consequently, we predict that DMSP content will decrease with depth in the winter, when light decreases
with depth but temperature does not. In the summer,
however, we predict that a decrease in both light and
temperature with depth will have opposing effects on
DMSP production or utilization, limiting variation in
DMSP content in C. fragile across a depth gradient. Finally, we expect that DMSP content might decrease, or
increase, in algae exposed to grazing and physiological
stress depending on whether they respond to these
stressors by using the existing DMSP pool or up-regulating DMSP synthesis.

MATERIALS AND METHODS
Field sites and sampling procedures. Samples of
Codium fragile used to examine spatial and temporal
variation in DMSP content were collected haphazardly
by SCUBA from the shallow subtidal zone (3–10 m
depth) from several sites along the Atlantic coast of
Nova Scotia, Canada (Fig. 1, Table 1). For the samples
collected in February 2006 and August 2007, algae
were collected from known depths: 4, 6 and 8 m at
each site, except 8 m at Paddy’s Head in February and
8 m at both Paddy’s Head and The Lodge in August. In
these cases no specimens were found. Algae were
returned to Dalhousie University and placed in a 185 l
tank with flow-through seawater at ambient water
temperature overnight, prior to processing and measurement of DMSP content (see below). Water temperature was measured at 6 m depth at Birchy Head
between August 2004 and July 2005, and at 4 m depth
at The Lodge between July 2005 and May 2009, using
HOBO Data Loggers (Onset Computer Corporation).
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Fig. 1. Study sites along the Atlantic coast of Nova Scotia

Table 1. Codium fragile. Location and date of collection of
subtidal specimens
Site

Location

Date

Birchy Head

44° 35’ N,
64° 03’ W

Cranberry Cove

44° 28’ N,
63° 56’ W

Sandy Cove

44° 27’ N,
63° 42’ W
44° 33’ N,
64° 01’ W

September 2004
March, May 2005
February 2006
August 2007
November 2004
February 2006
January, August 2007
May 2009
July 2005

The Lodge

Paddy’ s Head

44° 32’ N,
63° 57’ W

October 2005
February 2006
August 2007
February 2006
August 2007
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To examine the effect of stress-induced bleaching on
the DMSP content of intertidal Codium fragile we collected 20 individuals exhibiting signs of bleaching from
a tide pool in the high intertidal zone near Cranberry
Cove. Bleaching was evident as a whitish haze on the
surface of the otherwise deep green algal thallus, typically on some of the distal ends (1 to 2 cm) of branches.
A few individuals also exhibited a small white patch (2
to 3 mm diameter) at the very tip of the affected branch.
This is distinct from the discoloration described by
other authors who noted that the alga ‘bleaches’ to a
lighter shade of green in the summer and when grown
under low nitrogen conditions (Head & Carpenter 1975,
Trowbridge 1998). We believe the bleaching we observed is caused by desiccation and/or light stress, as
has been suggested for other algal species (Scrosati &
DeWreede 1998, Irving et al. 2004). We determined the
DMSP content of 2 samples from each bleached thallus:
1 from a bleached portion of the thallus and 1 from a
non-bleached portion. For comparison, we also collected 11 individuals from the same high tide pool that
showed no signs of bleaching, and 9 individuals from a
pool lower in the intertidal zone, where environmental
conditions are likely to be less stressful.
Field transplantation experiment. We conducted a
field transplantation experiment to investigate the potentially opposing effects of decreasing light (which
may limit DMSP production in Codium fragile) and decreasing temperature (which may enhance production)
with increasing depth. We predicted that, if temperature is the primary determinant of DMSP content in
summer when the water column is stratified, thalli
transplanted to a deeper depth should increase in
DMSP content while those transplanted to a shallower
depth should decrease. Alternatively, if light intensity is
more important, the opposite should occur. On 21–
22 August 2007, experimental thalli were collected
from 4 and 8 m depth at Cranberry Cove (n = 72) and
Birchy Head (n = 64), and at 4 m (none occurred at 8 m)
at The Lodge (n = 30). Half of the thalli at each site were
then transplanted back to their depth of origin, and half
to the other depth. Transplanted thalli were attached at
50 cm intervals to a polypropylene rope, alternating
thalli from each depth (except at The Lodge). The ropes
were then anchored to a steel chain at each experimental depth at each site, allowing the transplants to assume a natural aspect and response to water motion.
Transplanted thalli were collected for analysis on
10 September 2007. Water temperature at 4 and 8 m
depth at each site was recorded using temperature loggers anchored to the bottom, as described in ‘Field sites
and sampling procedures’.
Effects of light, temperature, and grazing on DMSP
content. We conducted 2 experiments to examine the
effects of temperature or light on DMSP content in
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Codium fragile under controlled conditions. Expt 1
examined the effect of temperature alone. A total of 66
individuals were collected from the shallow subtidal
zone (3–8 m depth) at Cranberry Cove on 24 January
2007 and maintained in 185 l tanks with flow-through
seawater at ambient temperature prior to the experiment. On 21 February 2007, 11 thalli were randomly
allocated to each of six 100-l tanks. Two tanks were
then randomly allocated to each of 3 water temperature treatments: ambient (3°C), intermediate (13°C)
and high (17°C). Over the next week, the temperatures
in tanks assigned to the intermediate and high temperature treatments were gradually raised from ambient
to the respective experimental temperatures. Thalli
were kept in the tanks for another 8 d prior to sampling
and analysis of DMSP concentrations.
Expt 2 examined the interactive effects of light intensity and temperature on DMSP content in Codium fragile. A total of 90 thalli were collected from the shallow
subtidal zone (3 to 8 m depth) at Cranberry Cove on
14 May 2009, and maintained in flow-through tanks.
After 1 d, a distal section of a branch (10 to 15 cm long)
was cut from each thallus and individually placed in a
500 ml Ziploc® plastic jar. Each jar was perforated with
twenty-two 1 cm diameter holes and weighted with a
small amount of gravel. Ten jars with branches were
placed in each of nine 47 l aquaria with flow-through
seawater. In each aquarium, 5 branches were randomly
allocated to each of 2 light treatments: shaded and unshaded. Jars in the shaded treatment were painted
black and covered with a double layer of 40% shade
cloth. Unshaded jars were unpainted and uncovered
except for 2 thin elastic bands stretched around the
mouth, which retained buoyant algae. Three aquaria
were randomly assigned to each of 3 water temperature
treatments: ambient (~5°C), intermediate (~7°C), and
high (10°C). The initial position of each jar within an
aquarium was randomly assigned and jars were rotated
through the 10 positions, with each moving 1 position
per day. A bank of lights containing four 1000 W phosphor-coated metal halide lamps and two 400 W mercury vapour lamps provided illumination on a 12 h
light:12 h dark cycle. Light intensity ranged from 600 to
2100 lx among tanks for the shaded treatment, and
from 3600 to 8000 lx for the unshaded treatment; shading consistently reduced light intensity by about 70 to
80% within tanks. After 15 d, samples were collected
for measurement of DMSP content.
We also conducted 2 experiments to investigate the
effects of sea urchin (Strongylocentrotus droebachiensis) grazing on DMSP content in Codium fragile and
vice versa. For Expt 3, 24 thalli of C. fragile were collected at 3 to 8 m depth at Cranberry Cove, and 24
adult sea urchins (50 to 60 mm diameter) were collected at 8 m depth at Splitnose Point on 24 January
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2007, and maintained in separate flow-through tanks.
On 1 February 2007, each thallus was divided at the
basal bifurcation into 2 large fronds. One frond from
each pair was placed in each half of twenty-four 47 l
aquaria, divided by plastic mesh (1 cm mesh size). One
sea urchin was then randomly allocated to 1 of the 2
halves of each aquarium. This allowed the urchin to
graze only on the frond in its half of the aquarium,
while exposing the ungrazed frond to any chemical
cues released from the urchin or the grazed frond.
After 12 d, the fronds were collected for measurement
of DMSP content.
Expt 4 examined the effect of DMSP content in
Codium fragile on the feeding rate of sea urchins.
Twenty adult sea urchins (50 to 60 mm diameter) were
collected at 6 m depth at Splitnose Point in May 2009
and maintained in flow-through tanks. After sampling
for DMSP content (described below) at the end of Expt
2, the unsampled portion of 15 branches of C. fragile
were selected from the different treatment combinations to represent a range in DMSP content (0.5 to
2.6% dry wt). The branches were weighed and randomly assigned to each of twenty 946 ml Ziploc® plastic containers containing 1 sea urchin, and perforated
on all 4 sides with numerous 2 mm holes. Ten containers were randomly assigned to each of two 47 l aquaria
with flow-through seawater (~5°C). After 3 d, the
fronds were removed and reweighed to determine the
amount consumed.
Measurement of DMSP content. Thalli or fronds of
Codium fragile were blotted dry to remove excess
water. A 3 to 4 cm long section of the distal end of a
branch, typically weighing 0.8 to 1.5 g, was dried to a
constant weight at 60°C for 24 h. Dried samples were
shipped to Shannon Point Marine Center, Washington,
USA for analysis. DMSP was measured as DMS, following alkaline cleavage in 4N NaOH, by injecting
10 µl headspace samples onto a Chromosil 330 column
(90°C oven temperature) in an SRI gas chromatograph
equipped with a flame photometric detector (125°C
detector temperature). DMSP standard additions with
commercially obtained DMSP (Center for Analysis,
Spectroscopy and Synthesis, University of Groningen:
purity > 98%) added to equal volumes of NaOH were
used to generate standard curves. The content of
DMSP is expressed as percent dry wt (% DW).
Statistical analysis. We examined temporal trends in
the DMSP content of Codium fragile using periodic
regression to determine seasonality. We fit 3 models by
generalized least squares using the ‘gnls’ and ‘gls’
functions from the ‘nmle’ package (Pinheiro et al.
2009) in R version 2.10.1 (R Development Core Team
2009). Model 1 (the full model) was a periodic regression with a period of 1 yr, and included the site where
the alga was collected as an additional factor:

DMSPij = b j + A ⋅ sin [2π ( Timeij + φ )] + ε ij

(1)

where DMSPij is the DMSP content of individual i at
site j, A is the population semi-amplitude of the cycle
(from peak to mean), Timeij is time (yr) since the initial
sampling when individual i was collected, 2π gives the
function a period of 1 yr, φ is a phase parameter that
shifts the sine wave left or right, bj is the mean of the
oscillation in DMSP content at site j, and εij is the residual error. We evaluated the importance of seasonality
and site by comparing the full model to 2 reduced models using likelihood ratio tests. Reduced models
included seasonality but not site (Model 2) or an effect
of site but not time (Model 3). We did not have sufficient data to include a model that allowed the semiamplitude of the sine wave to differ between sites in
our candidate set. To account for heterogeneous variance, we used the ‘nlme’ package’s ‘varIdent’ variance
function, which allows the variance to differ for each
stratum (site by time combination in Model 1, time in
Model 2, and site in Model 3). Samples from n = 581
individuals were used in these analyses.
Given the putative role of DMSP as a cryoprotectant,
we hypothesized that one explanation for seasonal
changes in DMSP concentrations was that Codium
fragile alters its DMSP content in response to temperature. We used linear regression to examine the relationship between DMSP content and water temperature. We did not have temperature data for each site, so
we used data from a single site that we believed to be
representative of the conditions in our study area over
the course of the study. As a result, we decided to run
the analysis on the mean DMSP content from a given
sampling period rather than run the analysis on the
raw data, and have to choose between ignoring the
influence of site or accidentally attributing variation
due to temperature differences between sites during a
sampling period to site effects. Changes in DMSP concentration are unlikely to occur instantaneously with
changes in water temperature. Therefore, we initially
fit a series of models using the average water temperature on the day that the algae were collected, as well as
the temperature averaged for periods of time up to 24 d
prior to collection, as explanatory variables. Temperature data were not available to construct thermal histories longer than 24 d. This allowed us to determine the
length of thermal history that gives the best prediction
of DMSP content.
The additional information available for February
2006 and August 2007 samples allowed us to examine
spatial variation in DMSP content more carefully and
assess differences both between sites and over a depth
gradient. We hypothesized that DMSP content would
differ between sampling dates and sites. We also expected that the effect of depth would differ between
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include an effect of sampling site or a 1 yr cycle in
DMSP content (Model 1 vs. Model 2: likelihood ratio =
237.16, p < 0.001; Model 1 vs. Model 3: likelihood
ratio = 917.14, p < 0.001, Fig. 2A). The seasonal cycle
had a semi-amplitude of 0.59% DMSP content, with
the highest levels in late winter and early spring (~2%)
and lowest levels in fall (~1%), over the 5 yr study
(Table 2, Fig. 2A). Differences among sites were
smaller than seasonal changes. Estimates of mean
DMSP content during the study ranged from 1.27%
DW at Birchy Head to 1.69% DW at Paddy’s Head
3.0

A

DMSP (% DW)

2.5
2.0
1.5
1.0
Paddy’s Head
Cranberry Cove

0.5

Birchy Head
The Lodge

Sandy Cove

0

Temperature (°C)

20

B

15
10
5

0

2004

3.0

DMSP (% DW)

winter and summer. We fit a linear model including
site and month as categorical variables and depth as a
continuous variable, as well as all possible interactions,
by generalized least squares to evaluate this hypothesis. This is similar to an analysis of covariance model
with 2 categorical variables, except that the variances
need not be homogeneous. We compared the fit of this
model to that of a nested model with no 3-way interaction using a likelihood ratio test to determine whether
the 3-way interaction was important or if a simpler
model could be used to explain variation in the data.
Preliminary analyses suggested that variance increased with the mean, so we used the ‘varPower’ variance function in the ‘nlme’ package (Pinheiro et al.
2009) to allow the variance to increase as a function of
the estimate raised to a power estimated from the data.
Data from the transplant experiment were analysed
using linear models, fit by generalized least squares to
deal with heterogeneous variances. Because of the
lack of Codium fragile at 8 m at The Lodge, the design
was unbalanced, so we elected to break down the
analysis by the depth of origin of the alga. This allowed
us to examine the influence of transplantation depth,
site, and the potential interaction between these factors for algae originally collected from 4 or 8 m. We
used the ‘varIdent’ function to allow variances to differ
among different treatment groups. The importance of
terms in the full model was evaluated through comparisons with reduced models by likelihood ratio tests.
Analysis of variance (ANOVA) was used to compare
samples of unbleached fronds across tide pools, followed by planned comparisons using a t-test with a
Bonferroni adjustment (α = 0.025). Bleached and unbleached samples from the same thalli were compared
using a paired t-test. For laboratory Expts 1 and 2,
examining effects of temperature and light intensity on
DMSP content, mixed-model ANOVA with tank as a
random factor nested within the temperature treatment was used to compare treatments. For Expt 3,
examining the effect of grazing on DMSP content,
paired samples were analyzed using a paired t-test.
For Expt 4, linear regression was used to examine the
relationship between consumption of Codium fragile
by sea urchins and DMSP content.

2005

2006

2008

2007

2009

Date

C

2.5
2.0
1.5
1.0
0.5
0
0

RESULTS
Temporal and spatial variation in dmsp content in
subtidal populations
Codium fragile exhibited marked seasonal variation
in DMSP content, and mean DMSP content varied
among sites, as indicated by the strong support for our
full model compared to reduced models that did not

5

10

15

Temperature (°C)
Fig. 2. Codium fragile. (A) DMSP content (mean ± SD, % dry
wt) of subtidal algal populations between September 2004
and May 2009 (n = 581). Line is the prediction of the periodic
regression, averaged over the different sites for visual clarity.
(B) Water temperature during the study. (C) Relationship between mean DMSP content in algal samples collected
throughout the study and mean water temperature over 23 d
prior to measurement of DMSP in each sample. Line is the
prediction of the linear regression
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3.0

Table 2. Codium fragile. Estimates, SE, and t-values (all significant at p < 0.001) for parameters in the periodic regression model of DMSP content in response to site and time.
BH = Birchy Head, CC = Cranberry Cove, TL = The Lodge,
PH = Paddy’s Head, and SC = Sandy Cove.

Semi-amplitude (A)
Phase (φ)
BH mean (b1)
CC mean (b2)
TL mean (b3)
PH mean (b4)
SC mean (b5)

Estimate

SE

t-value

–0.59
1.04
1.27
1.52
1.31
1.69
1.32

0.02
0.04
0.01
0.02
0.02
0.02
0.04

25.79
27.20
93.52
90.92
69.55
73.50
2.57

2.0

1.5

1.0
Paddy’s Head
Cranberry Cove
Birchy Head
The Lodge

0.5

Variation in DMSP content of bleached and
undamaged thalli in intertidal populations
DMSP content of Codium fragile collected from tide
pools in April 2006 was markedly lower (0.15 to 0.30%
DW, Fig. 4) than that measured in samples from subtidal populations (0.80 to 2.15% DW, Fig. 2). Samples of
bleached fronds of C. fragile from a high intertidal pool

0
4

5

6

7

8

4

5

6

7

8

Depth (m)
Fig. 3. Codium fragile. DMSP content (mean + SD, % dry wt)
of algae collected at 4, 6, and 8 m depth at 4 sites in February
2006 and August 2007 (n = 20). Lines are linear trends in
DMSP content with depth

0.35
0.30

DMSP (% DW)

(Table 2). Regression analysis indicated that mean
DMSP content at each sampling period was inversely
related to average water temperature prior to collection. The model using a 23 d thermal history provided
the best fit to the data according to the amount of variation explained and the corrected Akaike’s information criterion values of the different models. This
model indicated that DMSP content decreases by
0.09% DW with an increase of 1°C (r2 = 0.87, p < 0.001,
n = 10, Fig. 2B). Models using different thermal history
durations produced similar results (r2 = 0.63 to 0.86, p <
0.007, slope = –0.8 to –0.9).
Additional evidence of spatial variation in DMSP
content of Codium fragile was provided by our more
detailed analysis for February 2006 and August 2007.
The likelihood ratio comparing the full model to a
reduced model indicated the importance of the 3-way
interaction (likelihood ratio = 36.5, p < 0.0001), i.e. differences in the effect of depth among sites in February
2006 differed from the pattern of differences in August
2007. DMSP content decreased sharply with depth at
Paddy’s Head (0.22% DW m–1) and The Lodge (0.21%
DW m–1) in February 2006, but decreased only slightly
at Birchy Head (0.04% DW m–1) and was constant
across depths at Cranberry Cove (Fig. 3). In August
2007, DMSP content decreased slightly with depth at
The Lodge (0.05% DW m–1) and Birchy Head (0.03%
DW m–1), but was relatively constant across depths at
Paddy’s Head and Cranberry Cove (Fig. 3).

Aug 2007

2.5

DMSP (% DW)

Model parameter

Feb 2006

0.25
0.20
0.15
0.10
0.05
0.00
Bleached

Unbleached

High pool

Low pool

Fig. 4. Codium fragile. DMSP content (mean + SD, % dry wt)
of paired branches from the same thallus that were bleached
or undamaged (n = 20), and of branches of undamaged thalli
that were collected concurrently from the same high tide pool
(n = 11) or a low tide pool (n = 9)

contained significantly less DMSP than samples from
apparently undamaged fronds on the same thallus
(paired samples t-test, t19 = 8.4131, p < 0.001). Samples
from apparently undamaged parts of bleached thalli,
undamaged thalli from the same high pool, and thalli
from a low pool where there was no evidence of
bleaching, differed in DMSP content (F3,37 = 7.38, p =
0.002). Thalli from the high tide pool with no bleaching
damage had significantly higher levels of DMSP than
undamaged fronds from bleached algae and algae
from the low pool (t-tests, α = 0.025).
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Field transplantation experiment: effect of depth on
DMSP content
Codium fragile originally collected from 4 m depth
contained less DMSP when transplanted to 8 m, than
when transplanted back to 4 m (8 m depth effect estimated by model: –0.10 ± 0.03% DW, likelihood ratio =
86.40, p < 0.001, Fig. 5). The alga also differed in its
DMSP content among sites (likelihood ratio = 45.28, p
< 0.001), with estimated means ranging from 0.94%
DW at Birchy Head to 1.17% DW at Cranberry Cove.
1.4

Birchy Head

There was little indication that the interaction between
site and depth was important (likelihood ratio = 3.41,
p = 0.182). For algae originally collected from 8 m,
there was an important interaction between site and
depth (likelihood ratio = 14.59, p < 0.001), reflecting
similar DMSP content in algae transplanted to both
depths at Birchy Head (0.92 to 0.93% DW) and, in contrast to algae collected from 4 m, higher DMSP content
in algae transplanted to 8 m (1.27% DW) than those
transplanted to 4 m (1.03% DW) at Cranberry Cove
(Fig. 5).

Effects of temperature, light intensity and grazing on
DMSP content

1.2
1

In Expt 1, thalli of Codium fragile maintained at
ambient seawater temperature (3°C) had significantly
higher DMSP content than those warmed to 13 or
17°C, which did not differ significantly (Tukey’s test,
α = 0.05) (Table 3, Fig. 6). In Expt 2, light intensity had

0.8
0.6
0.4
0.2

Table 3. Codium fragile. Results of mixed model ANOVA
comparing the DMSP content in algae maintained at 3, 13 and
17°C (Expt 1), and shaded or unshaded algae maintained at 5,
7 and 10°C (Expt 2). P-values for significant factors are in bold

0
1.4

Cranberry Cove

1.2

DMSP (% DW)

Source (df)
1
0.8
0.6
0.4
0.2
0
1.4

Mean square

F-ratio

p-value

Expt 1
Temperature (2,3)
Tank (Temp) (3,60)
Error (60)

4.418
0.055
0.024

80.3
2.29

0.002
0.087

Expt 2
Temperature (2, 6.14)
Tank (Temp) (6, 6)
Light (1, 6.15)
Temp × Light (2, 6.10)
Tank × Light (6, 69)
Error (69)

0.309
0.107
2.015
0.189
0.154
0.285

2.87
0.69
13.0
1.22
0.54
2.87

0.132
0.665
0.011
0.359
0.776

The Lodge

1.2

2.0
To 4

1

1.6

To 8

DMSP (% DW)

0.8
0.6
0.4
0.2
NA

0
From 4

NA

From 8

Fig. 5. Codium fragile. DMSP content (mean + SE, % dry wt)
of algae collected from, and transplanted to, 4 and 8 m depth
at 3 sites (n = 15 to 18). NA indicates that attached thalli were
not found

1.2
0.8
0.4
0.0
3

13

17

Temperature (°C)
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Fig. 7: Codium fragile. DMSP content (mean + SE, % dry wt)
of algae in factorial combinations of 2 levels of light intensity
and 3 levels of temperature in Expt 2

a significant effect on DMSP content, with unshaded
thalli containing more DMSP than shaded ones, but
the effect of temperature was non-significant and
there was no interaction between light intensity and
temperature (Table 3, Fig. 7).
In Expt 3, DMSP content of fronds of Codium fragile
directly exposed to sea urchin grazing for 14 d (1.60 ±
0.05 SE) was significantly greater than that of fronds
exposed only to waterborne cues from the grazers
(1.43 ± 0.06 SE) (paired t-test, t23 = 2.5671, p < 0.017). In
Expt 4, there was no relationship between DMSP content of a thallus and the amount of algae consumed by
urchins over 3 d (r2 = 0.15, p = 0.113).

DISCUSSION
Effects of light and temperature on DMSP content of
Codium fragile in subtidal habitats
The DMSP content of Codium fragile undergoes a
seasonal cycle, peaking in late winter or early spring
when the alga contains roughly twice as much DMSP
as it does in fall. Our results suggest that a response by
the alga to changing water temperatures may largely
account for this cycle. Mean water temperature explained 87% of the variation in the mean DMSP content of subtidal populations during our 5 yr study, with
DMSP decreasing as temperature increased. A significant effect of temperature on DMSP content of the alga
was detected in Expt 1 where experimental tempera-

tures spanned 14°C, though not in Expt 2 where temperatures spanned only 5°C. Similarly, several species
of Antarctic green algae (Ulotrix implexa, U. subflaccida, Enteromorpha bulbosa, and Acrosiphonia arcta)
contain more DMSP when grown in the laboratory at
0°C than at 10°C (Karsten et al. 1992), and there is a
trend of increasing DMSP content in algal species
towards the poles (Van Alstyne & Puglisi 2007). These
patterns are consistent with a putative cryoprotective
function of DMSP, which has been supported by experiments showing that DMSP enhances enzymatic activity at –2°C or after a freeze-thaw cycle (Karsten et al.
1996). Water temperature occasionally drops slightly
below 0°C off Nova Scotia (Fig. 2B), and intertidal
algae are exposed to even colder temperatures, so it is
possible that C. fragile attains cryoprotective benefits
by increasing DMSP production through the winter.
Alternatively, rates of DMSP synthesis may remain relatively stable and DMSP may accumulate at lower
temperatures because of an inhibitory effect on DMSPlyase activity (Stefels & Dijkhuizen 1996). The change
in DMSP content in response to temperature change
appears to occur over weeks, which is comparable to
response times observed in other green algal species to
changes in salinity (Van Alstyne et al. 2003) or light
(Karsten et al. 1991).
Although the timing of temperature changes can
vary somewhat among sites in our study area, temperature patterns are generally similar (Saunders &
Metaxas 2008) and thus unlikely to explain differences
among sites in the DMSP content of Codium fragile.
Water temperature has the potential to influence the
DMSP content of C. fragile across a depth gradient in
the summer, when the water column is stratified and
temperature differences of several degrees can occur
over depth scales of meters, and persist for weeks.
However, the results of our laboratory experiments
suggest that temperature differences > 5°C may be
required. During summer, the effect of decreasing
temperature with depth on DMSP content may be
counteracted by concomitant decreases in light intensity and changes in spectral quality. Our finding that
DMSP content in August 2007 decreased slightly with
depth at 2 sites — was similar across depths at 2 others,
and was higher at 4 m than at 8 m in 4 of the 5 sets of
transplants — suggests that the negative effect of light
attenuation with depth is generally equal to, or
stronger than, any positive effect of decreasing temperature with depth. The pattern of decreasing DMSP
in C. fragile with depth at The Lodge, Birchy Head,
and Paddy’s Head in February 2006 is also consistent
with a positive correlation between light intensity and
DMSP accumulation.
DMSP content in algae is known to increase with
light intensity when light levels are below saturation
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for photosynthesis. Photosynthesis is required for production of methionine, the precursor to DMSP (Stefels
2000, Van Alstyne 2008), which may in turn regulate
DMSP production. The positive effect of light on DMSP
content that we observed is also consistent with the
hypothesis that DMSP serves as an overflow mechanism for excess carbon and reduced sulfur when the
rate of carbon assimilation exceeds that of protein synthesis (Stefels 2000). The regulatory effect of light
intensity on DMSP production can be complex. For
example, DMSP content of Urospora penicilliformis increases with light intensity when grown under a 16:8 h,
but not a 8:16 h, light:dark cycle (Karsten et al. 1990).
The similarity in DMSP content of Codium fragile
across depths at Cranberry Cove in February 2006
cannot be explained by opposing influences of temperature and light because the water column was well
mixed. Other environmental variables that affect
DMSP production in algae, including salinity (Karsten
et al. 1992) and nitrogen concentration (Gröne & Kirst
1992), are also unlikely to have varied with sampling
depth at this time. In our reciprocal transplant experiment at Cranberry Cove, C. fragile originating from
4 m depth had a greater DMSP content in the 4 m
transplants; however, thalli from 8 m that were transplanted to 4 m contained less DMSP than those back
transplanted at 8 m. If a change in DMSP content is
environmentally induced, this would require algae
originating from each depth to respond differently to
changes in environmental variables at the transplanted depth. Alternatively, thalli transplanted to a
different environment may release DMSP in response
to physiological stress (Sunda et al. 2002). This could
account for the decrease in DMSP content of thalli
transplanted to a different depth, regardless of their
original depth.
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DMSP production and lysis may function in the physiological response of algae to oxidative stress (Sunda et
al. 2002). Ross & Van Alstyne (2007) found that the tissue concentrations of DMSP in Ulva lactuca decreased
with exposure to increasing concentrations of hydrogen peroxide, as DMS and acrylic acid, both antioxidants, were released. Our finding that bleached fronds
contained less DMSP than unbleached fronds from the
same thallus, and that those non-bleached fronds contained less DMSP than algae from the same tide pool
with no obvious signs of stress, is consistent with the
conversion of DMSP to DMS and acrylic acid in
response to stress.
Although oxidative stress may result in a reduction
of DMSP content, it could also cause algae to up-regulate DMSP production (Sunda et al. 2002). It is not clear
if this occurs in Codium fragile, but our finding that
algae from the high pool displayed higher DMSP content than those from the low pool is consistent with
increased synthesis in a more stressful environment,
although the low levels of DMSP in intertidal algae
compared to subtidal algae is not. Ulva lactuca in intertidal habitats also contain less DMSP than their subtidal counterparts. However, intertidal U. lactuca also
produce less hydrogen peroxide when subjected to
osmotic or desiccation stress, lose less DMSP when
stressed, and exhibit greater antioxidant activity, suggesting they are better acclimated to stressful environments despite their lower DMSP content (Ross & Van
Alstyne 2007). Clearly, algae can use mechanisms
other than DMSP accumulation to deal with stressful
environments, and the elevated DMSP content of
algae in the high pool could have been caused by some
other factor, such as increased light intensity.

Grazing and DMSP content of Codium fragile
Bleaching and DMSP content of Codium fragile in
tide pools
Bleaching has been previously recorded in Codium
fragile (Schmidt & Scheibling 2005) and other intertidal algae (e.g. Chondrus crispus, Mazzaella cornucopiae, and Lithophyllum sp.) in association with physiological stressors, such as extreme temperatures,
desiccation, or unusually high light levels (Dudgeon et
al. 1990, Scrosati & DeWreede 1998, Irving et al. 2004).
We observed bleaching of C. fragile in a high intertidal
pool, where such stresses are likely to be more intense
than in pools lower on the shore or in the subtidal zone.
These extreme conditions can also cause oxidative
stress in algae, characterized by the production and
accumulation of reactive oxygen species that can damage lipids, proteins, and nucleic acids (Lesser 2006).

Herbivory is believed to have contributed to the
evolution of novel chemical defenses or enhancement
of existing defenses in a wide range of organisms
(Ehrlich & Raven 1964, Rausher 2001). However, some
macroalgae respond to herbivory over shorter time
scales by mobilizing ‘inducible defenses’, produced at
higher levels once an alga is damaged by herbivores
(Van Alstyne 1988, Yates & Peckol 1993, Cronin &
Hay 1996). Others produce ‘activated defenses’ that
are stored within the alga in an inactive or less active
form, and converted into the defensive form upon
grazing damage (Paul & Van Alstyne 1992, Cetrulo &
Hay 2000).
The production of DMSP, and its lysis to DMS and
acrylic acid, is considered an activated defense (Van
Alstyne et al. 2001b, Van Alstyne & Houser 2003). We
found that fronds of Codium fragile directly exposed to
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urchin grazing had 11% higher DMSP content than
those maintained in the same aquarium without direct
contact with the urchins (Expt 3), suggesting it may
also be an inducible defense. However, this increase is
relatively small, compared to temporal changes and
individual variation that we observed during our study,
and such differences do not appear to affect the feeding rate of urchins on fronds of C. fragile (Expt 4). This
finding is consistent with our previous experiments
with agar-based foods, which showed that the feeding
rate of Strongylocentrotus droebachiensis was unaffected by the concentration of DMS and acrylic acid
(Lyons et al. 2007). Nevertheless, induction of DMSP
by grazing damage might be sufficient to limit consumption rates of C. fragile in a natural setting where
there are alternative algal foods, as both DMS and
acrylic acid can influence food choice (Lyons et al.
2007). Furthermore, this induction could potentially
affect the grazing of other herbivores. Defenses induced by one herbivore can reduce the feeding of
competing herbivore species, in some cases to a
greater degree than the species that caused the induction initially (Long et al. 2007). Investigating these possibilities with C. fragile could be an interesting avenue
for future research.
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