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Abstract This study describes the density variation and
phenology of Macrocystis integrifolia and M. pyrifera
populations from northern and southern Chile, respec-
tively. Samples of both species were taken in wave-ex-
posed and wave-protected areas. In addition, spore
production, germination and early growth rate of
sporophytes of each population was studied at monthly
intervals under three temperature and salinity regimes.
Results indicate that M. integrifolia from northern Chile
presents perennial plants with a mean density of three
individuals per 0.25 m2 throughout the year and that it
reproduces mainly during spring and winter. Although,
M. pyrifera in exposed areas of southern Chile also have
a perennial-type life strategy, they are able to reproduce
all year round. In contrast, M. pyrifera populations in
protected areas of southern Chile show a clear annual
cycle, with high recruitment during late winter and fer-
tile sporophytes in summer and autumn, although the
populations become completely decimated thereafter.
The effect of temperature and salinity on M. integrifolia
shows that it is independent of water movement, but
requires low temperatures and high salinities for the
release of zoospores, germination and early sporophyte
growth. This pattern differs from that of M. pyrifera in
southern Chile, which has a broader tolerance range for
salinity and temperature than does M. integrifolia.

However, in southern Chile wave-protected populations
showed higher spore release and germination at 15�C
and 18�C, whereas sporophyte growth responded better
at the lowest temperature tested (8�C). In general, these
results are contrary to those expected, since a seasonal
reproductive pattern was observed in M. integrifolia
inhabiting a less seasonally variable environment. In
exposed sites of southern Chile, plants showed greater
tolerance and continuous reproduction throughout the
year, despite the greater environmental variability.
Finally, population dynamics of protected kelps in
southern Chile shows an annual pattern, which is
contrary to the expected perennial strategy shown by
exposed populations.

Introduction

Two species of Macrocystis (Lessoniaceae) have been
identified along the Chilean coast (Hoffmann and
Santelices 1997). M. integrifolia is present along the
Peruvian and northern Chilean coast (6–32�S), and
inhabits bays at a depth of 0–15 m in wave-protected
and semiprotected areas. Periodically, these northern
Chilean populations suffer the effects of El Niño–
Southern Oscillation (ENSO) phenomena (Vásquez and
Buschmann 1997; Vásquez et al. 1998). On the other
hand, M. pyrifera, the most common species, can be
found from 37�S down to Patagonia (55�S). This latter
species is found in bays open to the Pacific Ocean, as
well as in channels and fjords that are protected from
strong wave action south of 41�S (Dayton 1985). At
lower latitudes, these populations are usually subjected
to fewer and less-intensive seasonal variations in salinity,
nutrients and temperature when compared to the
southern region, where M. pyrifera is the dominant kelp
and ENSO effects are normally less marked.

In general it has been indicated that M. integrifolia
and M. pyrifera tolerate a broad range of temperatures,
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which can reach highs of 18–20�C (North et al. 1986).
Nevertheless, summer nutrient depletion, together with
high temperatures, is responsible for canopy die-off (e.g.
North et al. 1986). Water motion certainly increases
nutrient and carbon uptake (e.g. Wheeler 1980,1982;
Gerard 1982), but may cause the dislodgment of plants
(Seymour et al. 1989; Graham et al. 1997). This situation
explains the general effects of El Niño: temperatures
increase, nutrient concentrations decline and winter
storms increase (e.g. Gerard 1984; Dayton and Tegner
1984; Harrold and Reed 1985). The effect of salinity has
not been studied as closely as the above environmental
parameters, but it has been suggested that kelp tolerate
seawater dilution of almost one-third (North et al.
1986). In spite of El Niño events in the north, we pos-
tulate that the stronger seasonal variation in southern
Chile is correlated with a higher tolerance to environ-
mental changes, such as salinity, due to the higher pre-
cipitation in the south. Furthermore, effects of water
movement on populations from northern Chile are not
expected, but, in southern Chile, protected populations
should be much more variable and show higher toler-
ance limits than exposed populations, because of the
stronger environmental variability present in inland
water habitats (Buschmann 1992).

This study shows the effects of water motion, tem-
perature and salinity on the population dynamics of
Macrocystis spp. in the southeastern Pacific coast. We
describe annual variation in plant density in relation to
water motion, and assess the effects of temperature and
salinity on sporulation, spore germination and early
sporophytic growth in wave-exposed and -protected
populations. The results are discussed in relation to
latitudinal distribution, local upwelling, El Niño events,
and the temperature and salinity variability present at
the study sites along the Chilean coast.

Materials and methods

Study sites

This study was carried out in 12 locations, 6 in northern
(�30�S) and 6 in southern Chile (�41�S) (Fig. 1). In
each location, three exposed and three protected study
sites were defined by using calcium carbonate blocks, as
described by Doty (1971). Five blocks per site were in-
stalled along a depth gradient, for a period of 3 days, a
procedure that was repeated on six occasions in different
seasons. This methodology permitted us to identify
study sites with different degrees of water movement by
determining the dissolution rate of the carbonate blocks.
Water temperature was determined daily (at hourly
intervals) by using submerged digital thermographs
(StowAway Tidbit), whereas salinity was measured at
bi-weekly intervals on three samples per station with an
Atago refractometer (±0.5&). Temperature and salinity
were measured at different depths (1–10 m) to obtain an
average value for each location.

In northern Chile, wave-exposed sites (ESN1, ESN2
and ESN3) are characterized by southern-facing areas
with a sea bottom dominated by consolidated rocks
from the intertidal zone up to a depth of 12 m. Patches
of sand and boulders can be found between these rocky
areas. At depths >12 m, the sand and boulder areas
outnumber the areas of rocky substrate. Wave-protected
sites (PSN1, PSN2 and PSN3) face towards the north
and present a similar substratum structure as described
for exposed sites. Macrocystis integrifolia in these loca-
tions reaches a height of 5 m, with an average holdfast
diameter of 30 cm and with up to 20 stipes and 50
sporophylls per plant. No published information on
the population dynamics of M. integrifolia exists at
present (see Vásquez and Buschmann 1997). Under the

Fig. 1 Map of the study areas of Macrocystis integrifolia in
northern and M. pyrifera in southern Chile. Playa Blanca (ESN1
and PSN1) 28�11¢S; 71�09¢W; Punta Choros (ESN2 and PSN2)
29�14¢S; 71�31¢W; San Lorenzo (ESN3 and PSN3) 30�20¢S;
71�49¢W; Pucatrihue (ESS1) 40�33¢S; 73�43¢W; Bahı́a Mansa
(ESS2 and ESS3) 40�34¢S; 73�46¢W; and Metri (PSS1, PSS2 and
PSS3) 41�36¢S; 72�42¢W

850



M. integrifolia canopy a second kelp (Lessonia) is pres-
ent. An understory assemblage of algae, composed
principally by coralline crustose algae and turfs of Gel-
idiales and Ceramiales, can also be found. Other algae
present in these areas are Halopteris spp., Glossophora
kunthii, Asparagopsis armata and Rhodymenia sp. (Vás-
quez 1992). At depths >10 m, Lessonia dominates over
Macrocystis. The gastropod snail Tegula atra, the black
sea urchin Tetrapygus niger and the fish Aplodactylus
punctatus are the main herbivorous species controlling
kelp abundance (Vásquez 1993).

In southern Chile, the open coast is generally exposed
(sites ESS1, ESS2 and ESS3), with a rocky sea bottom
surrounded by boulder fields. Algal populations can be
found in the shallow intertidal zone up to depths of 10–
12 m (Buschmann 1992). M. pyrifera present at these
locations can be 6 m long, with a holdfast diameter of
25 cm and with only 3–4 stipes and 30 sporophylles per
plant. Data related to the population dynamics of
M. pyrifera in southern Chile indicate that it has a
perennial-type of life history (Santelices and Ojeda
1984; Westermeier and Möller 1990). In addition to
M. pyrifera stands, exposed sites in this area present an
understory of flora dominated by Ulva rigida, but which
also includes Desmarestia, Sarcothalia crispata and
Trematocarpus, along with other less abundant red sea-
weed species. In the inner seas of southern Chile, wave-
protected areas (PSS1, PSS2 and PSS3) can be found,
with a conspicuous Macrocystis belt surrounding the
coastline. The substratum is mostly granitic rock or
boulder fields, and the kelp population can be found up
to a depth of 12 m. The most common algal species are
U. rigida and S. crispata. Two sessile mollusks are very
abundant in this area, Aulacomya ater and Crepidula
fornicata fecunda. In both exposed and protected sites of
southern Chile, the black snail Tegula atra is the most
abundant grazer in terms of number and biomass.

Population and laboratory experiments

Plants were counted at each study site at monthly
intervals for a year from July 2000 to 2001, with the use
of nine 0.25-m2 random quadrats along a transect,
starting at 3–12 m. All plants (juveniles and adults) were
counted in each quadrat. Following the counting of
sporophytes, sporophylls were collected (n=60 from at
least 30 random plants), packed in plastic bags and
transported in ice to the laboratory. When no fertile
tissues or successful sporulation was observed, the per-
iod was described as non-reproductive. Otherwise, irre-
spective of whether the fertile sporophylls produced few
or numerous spores, we qualified the period as a
reproductive one. Every month, 45 randomly selected
sporophylls from all study areas of M. integrifolia, as
well as from all study areas of M. pyrifera, were brought
to the laboratory. The sporophylls were gently brushed
and rinsed with filtered (0.2 lm), sterile seawater and
packed with filter paper and aluminum foil for 12 h at a

temperature of 8�C. After this mild desiccation period,
1-cm2 discs (one per sporophyll) were cut off each fertile
sorus and placed in Petri dishes (5 cm diameter) with
Provasoli culture medium (McLachlan 1973) to induce
sporulation, germination and growth of new sporo-
phytes. Five Petri dishes with tissues originating from
different plants were considered for each of the following
treatments: three temperatures (8�C, 15�C and 18 �C)
and three salinities (27&, 31& and 34&). The ranges of
temperature and salinity chosen were in accordance with
those found in the natural environment. Incubation was
carried out in culture chambers under constant condi-
tions, considering a neutral photoperiod (12 h light:12 h
dark) and a photon flux of 40 lmol m�2 s�1 provided by
40 W fluorescent tubes (Phillips). The photon flux rate
was measured with a Li-Cor LI-189 photometer. The
culture medium was changed on a weekly basis. The
number of spores produced by each 1-cm2 sorus disc was
counted after 48 h of incubation, whereas the number of
spores with a germination tube was determined after
144 h. Counting was carried out using an inverted
Nikon microscope attached to a digital camera and an
image analyzer (Image-Pro version 4.0). Three random
areas of each dish were photographed, from which the
total numbers of settled spores and the spores with the
presence of germination tubes were counted. With this
data we estimated the number of spores produced by a
1-cm2 piece of sorus, and the germination percentage
was calculated as the number of spores with a germi-
nation tube divided by the total number of initially
settled spores (·100). After 30 days of incubation, the
length of all the young sporophytes in each ocular field
was determined following the same procedure as
described above, to estimate the growth rate (mm
month�1) of the sporophytes under different tempera-
ture and salinity conditions.

After a year of repeated monthly experiments, the
different data for protected and exposed northern and
southern localities were pooled by season (winter, spring,
summer and autumn). Means and standard errors were
calculated for each case, and the data were analyzed by
three-way ANOVA using SYSTAT 5.0, after verifying
normality and homocedasticity of the data. The factors
analyzed for every season were temperature, salinity and
location of plant collection (exposed or protected sites).
If significant differences were detected for salinity and/or
temperature, an a posteriori Tukey test was performed
using SYSTAT 5.0.

Results

Abiotic conditions

In both northern and southern Chile, calcium carbonate
blocks permitted discrimination between protected and
exposed areas. The northern area presents a significant
(P<0.01) reduction in the dissolution rate when exposed
sites are compared to protected sites (mean diffusion
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rate: 0.60 and 0.32 g h�1, respectively). In the south, the
dissolution rate was three to four times higher
(P<0.001) in the exposed sites compared to the pro-
tected sites (mean diffusion rate: 0.68 and 0.17 g h�1,
respectively). Temperature and salinity variation during
the year is presented in Fig. 2. Data show that in
northern Chile there is almost no seasonal variation in
salinity, with a mean value of 33&, and that tempera-
ture varied between 13�C and 18�C (5�C), with no dif-
ferences between protected and exposed sites. On the
other hand, in southern Chile salinity variation was
greater than in northern Chile; salinity varied between
28& and 33& in exposed locations, whereas, in pro-
tected locations, values fluctuated between 22& and
31& (Fig. 2). Temperature in the exposed areas of the
southern region varied from 8�C to 16�C (8�C) and in
the protected areas from 8�C to 15�C (7�C).

Abundance and phenology

The plant density of Macrocystis integrifolia in all three
study locations from northern Chile showed a very
conservative annual variation (Fig. 3). In the exposed
sites, the plant density varied from 2 to 4 plants per
0.25 m2. Numbers were very similar in the protected
sites, although one study site (PSN3) registered a density
of over 5 plants per 0.25 m2 in summer. Nevertheless, no
significant differences were found between localities and
seasons (Fig. 3).

The case of M. pyrifera in southern Chile is quite
different (Fig. 3). In the exposed area, two of the most
exposed sites (EES1 and EES3) showed a similar pattern
to that found in northern Chile, with almost no tem-
poral variation in abundance and values varying be-
tween 2 and 4 plants per 25 m2; in one exposed site

Fig. 2 Salinity (&) versus
temperature (�C) variations
over a 1-year period in
protected and exposed
Macrocystis spp. study
locations (see Fig. 1 for
abbreviations) in northern and
southern Chile
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(ESS2), a massive recruitment event was detected in
early spring (Fig. 3). However, the most striking differ-
ence was seen in the protected areas of southern Chile,
where M. pyrifera populations showed an annual cycle,
with recruitment starting during winter (July) and
reaching densities of 15 or more plants per 0.25 m2.
Density at the protected sites in the south begins to
decline during spring and summer, but the largest

specimens are found in early summer (Fig. 3). All the
plants disappear in autumn, when it is possible to
observe necrotized holdfasts. Regrowth of these hold-
fasts was never observed, even after several years (5) of
observation.

The phenology of M. integrifolia indicates that, in
both protected and exposed locations of northern Chile,
this kelp contains sporophylls all year round (Fig. 4).

Fig. 3 Macrocystis spp.
Annual variations in plant
density (individuals per
0.25 m2) of M. integrifolia in
northern and M. pyrifera in
southern Chile, also with
respect to wave exposure (site
abbreviations, see Fig. 1)

Fig. 4 Macrocystis spp.
Phenology of M. integrifolia in
northern, and M. pyrifera in
southern Chile, also with
respect to water movement
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However, during summer the number of spores pro-
duced is very low. On the other hand, M. pyrifera is
reproductive all year round in exposed areas. The
reproductive season of the protected populations in
southern Chile is limited to summer and early autumn
(Fig. 4). For this reason the protected population of
M. pyrifera follows an annual cycle, in contrast to the
other kelp populations studied.

Temperature and salinity experiments

In the north of Chile, the spores produced by a stan-
dardized area of sorus occur mainly in winter and
spring, while the number of spores that can be obtained

in summer seems minimal (<30 spores mm�2), both in
protected and exposed sites (Fig. 5). In autumn, these
northern populations did not produce any spores. Sta-
tistical analysis indicates that the number of spores re-
leased by M. integrifolia was significantly (F=5.830; 2,
792 df; P<0.003) greater in spring and autumn at 8�C
than at the higher temperatures. Salinity had a sig-
nificant effect on spore release in winter (F=7.367; 2,
792 df; P<0.001) and summer (F=4.901; 2, 792 df;
P<0.008), showing a higher success at 34& than at the
two lower salinities studied (Fig. 5). Finally, spore pro-
duction between the protected and exposed plants dif-
fered significantly in winter (F=6.789; 2, 792 df;
P<0.009), spring (F=17.908; 2, 792 df; P<0.001) and
summer (F=4.245; 2, 792 df; P<0.040), with a higher

Fig. 5A–D Macrocystis
integrifolia. Spore production
(spores mm�2 of sorus tissue) of
M. integrifolia in northern Chile
under three temperature and
three salinity conditions during:
A winter, B spring, C summer
and D autumn
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spore release observed in the exposed plants (Fig. 5). It
is important to indicate that temperature interacted
significantly with locality (exposed and protected sites)
both in spring (F=7.671; 2, 792 df; P<0.001) and in
summer (F=4.248; 2, 792 df; P<0.015), and that
the effect of temperature was stronger for the exposed
populations (Fig. 5).

Spore release by M. pyrifera in southern Chile pre-
sented a different pattern (Fig. 6). In this case, temper-
ature only has a significant (F=33.57; 2, 792 df;
P<<0.001) effect in autumn, when spore release is
higher at 15�C than at 8�C. Salinity only had a sig-
nificant effect in autumn (F=4.727; 2, 792 df; P<0.009),
indicating that spore production was higher at 27& than
at 34& (Fig. 6). However, in all four seasons significant

(winter: F=400.76; 2, 792 df; P<<0.001; spring:
F=111.37; 2, 792 df; P<<0.001; summer: F=77.89; 2,
792 df; P<<0.001; F=16.454; 2, 792 df; P<0.001)
differences were found between the sporulation of pro-
tected and exposed sites, showing that in winter and
autumn the spore production was higher in the exposed
sites, but in summer and autumn the plants collected in
protected areas had a higher spore production capacity
(Fig. 6). Furthermore, in autumn the temperature
interacted significantly (F=23.296; 792 df; P<<0.001)
with locality, indicating that at 15�C spore production
was higher at 27& than at the two higher salinities tested
in this study (Fig. 6). In summer, salinity interacted
significantly (F=6376; 2, 792 df; P<0.002) with the
collection locality, indicating that its effect was stronger

Fig. 6A–D Macrocystis
pyrifera. Spore production
(spores mm�2 of sorus tissue) of
M. pyrifera in southern Chile
under three temperature and
three salinity conditions during:
A winter, B spring, C summer
and D autumn
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for protected populations (Fig. 6). Another significant
(F=3.086; 4, 792 df; P<0.016) interaction was detected
between temperature and salinity in summer, showing
that spore release at low salinities and increased tem-
perature enhances sporulation, whereas at higher sali-
nities and higher temperatures sporulation is reduced
(Fig. 6). Finally, a significant (F=4.143; 4, 792 df;
P<0.003) interaction was found in autumn, indicating
that a temperature of 15�C produced a stronger effect on
sporulation for the protected kelps, especially at lower
salinities.

Spore germination success determined for M. integ-
rifolia indicated that, in the best situation, the germi-
nation percentage never exceeded 25%, whereas in
autumn no response was observed for the few spores

obtained (Fig. 7). In winter and summer temperature
had a significant (winter: F=3.400; 2, 792 df; P<0.034;
summer: F=6.570; 2, 792 df; P<0.001) effect on ger-
mination percentage, indicating that the success was
higher at 15�C than at 8�C or 18�C. In contrast, ger-
mination showed higher success in spring at 31& and in
summer at 31& and 34& than at 27& (Fig. 7). A sig-
nificant (F=22.241; 2, 792 df; P<0.001) difference
between exposed and protected locations was only found
in spring, when the germination response was higher
(Fig. 7). The effect of temperature in winter and spring
also showed a significant (spring: F=7.363; 2, 792 df;
P<0.001; winter: F=4.310; 2, 792 df; P<0.014) inter-
action with the location of the algal stands. Furthermore,
salinity did not interact with locality, but interacted

Fig. 7A–D Macrocystis
integrifolia. Spore germination
(%) of M. integrifolia in
northern Chile under three
temperature and three salinity
conditions during: A winter, B
spring, C summer and D
autumn
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significantly (F=3.485; 4, 792 df; P<0.008) with tem-
perature in winter, and, finally, interaction of the three
factors was also significant (F=4.349; 4, 792 df;
P<0.002; spring: F=2.505; 4, 792 df; P<0.041) in
winter and spring (Fig. 7).

Germination success was much higher in southern
Chile than in the north, as it reached values as high as
100% during several seasons and under different culture
conditions (Fig. 8). Most importantly, only kelps col-
lected in the protected areas of southern Chile provided
viable spores in summer and autumn. Temperature had
a significant (winter: F=22.07; 2, 792 df; P<<0.001;
summer: F=4.284; 2, 792 df; P<0.014; autumn:
F=19.47; 2, 792 df; P<<0.001) effect on the germina-

tion percentage in winter, summer and autumn. In
winter germination was more successful at 18�C than at
8�C or 15�C; in the summer and autumn germination
performance was better at 15�C and 18�C than at 8�C
(Fig. 8). Salinity only had a significant effect in winter
(F=4.577; 2, 793 df; P<0.011) and summer (F=15.043;
2, 792 df; P<0.001). These data indicate that, in winter,
germination performance was higher at 31& and 27&
than at 34&, but, in summer, the improved performance
only occurred at 31& (Fig. 8). Significant differ-
ences between exposed and protected locations were
found in winter (F=6903.8; 1, 792 df; P<<0.001),
spring (F=234.6; 1, 792 df; P<<0.001) and also in
summer (F=19.075; 1, 792 df; P<0.001). In summer, a

Fig. 8A–D Macrocystis
pyrifera. Spore germination (%)
of M. pyrifera in southern Chile
under three temperature and
three salinity conditions during:
A winter, B spring, C summer
and D autumn
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significant interaction indicated that at 18�C the exposed
population had a higher germination percentage, while
the protected sites had a better germination performance
at 8�C (Fig. 8). Furthermore, a significant interaction
between temperature and salinity was found during the
winter (F=4.889; 4, 792 df; P<0.001) and summer
(F=3.734; 4, 792 df; P<0.005), when the impact of
increasing the temperature was more profound at higher
salinities (Fig. 8).

After maturation of gametophytes, growth rate
(length month�1) of the sporophytic phase of M. integ-
rifolia under culture conditions was determined (Fig. 9).
Temperature only had a significant (F=3.892; 2, 792 df;
P<0.021) effect on the growth in summer, when the
highest growth rate was found at 15�C. However,
overall, the highest growth rate occurred in the plants
collected in spring (Fig. 9). Salinity, on the other hand,

significantly affected the growth rate in winter
(F=4.169; 2, 792 df; P<0.016), spring (F=4.653; 2,
792 df; P<0.010) and summer (F=3.892; 2, 792 df;
P<0.021), indicating that better growth rates were
found at 31& and 34& (Fig. 9). Significant (F=7.425;
1, 792 df; P<0.007) differences between exposed and
protected locations were only found during spring, when
sporophytes produced in protected areas showed a
higher growth rate than those from exposed plants.
Furthermore, a significant interaction (F=4.403; 2,
792 df; P<0.013) between locality and temperature was
found in spring, as the effect of temperature had a
synergic effect on the growth of protected populations of
this kelp at 8�C and 15�C (Fig. 9).

Once again, the growth rate of M. pyrifera from
southern Chile varied under the different studied factors
(Fig. 10). The exposed population produced viable

Fig. 9A–D Macrocystis
integrifolia. Juvenile sporophyte
growth (mm month�1) of
M. integrifolia in northern Chile
under three temperature and
three salinity conditions during:
A winter, B spring, C summer
and D autumn
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spores all year round, but sporophytes were mostly
produced during winter and spring, and strongly
reduced in autumn, whereas no growth rate was found
for the sporophytes collected in summer. On the other
hand, the protected population produced sporophytes
only in summer and autumn. Temperature significantly
affected the growth rate of sporophytes in winter
(F=3.623; 2, 792 df; P<0.027), summer (F=5.260; 2,
792 df; P<0.005) and autumn (F=75.88; 2, 792 df;
P<<0.001), showing higher growth rates at 8�C and
15�C than at 18�C (Fig. 10). A significant interaction
was found between the origin of the spores (exposed or
protected) and temperature, indicating that in summer
(F=3.339; 2, 792 df; P<0.036) and particularly in

autumn (F=72.26; 2, 792 df; P<<0.001) the protected
plants grew better at low temperatures, which was not
the case for the exposed kelps (Fig. 10). Salinity did not
have a significant effect on the growth rate ofM. pyrifera
in any season.

Discussion

The reproduction patterns of both Macrocystis species
presented striking differences. The northern populations
of M. integrifolia showed a more intense reproductive
period in winter and spring, which was independent
of exposure. In contrast, continuous reproduction in

Fig. 10A–D Macrocystis
pyrifera. Juvenile sporophyte
growth (mm month�1) of M.
pyrifera in southern Chile under
three temperature and three
salinity conditions during: A
winter, B spring, C summer and
D autumn
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M. pyrifera was observed in the southern populations
located at exposed sites, while in protected sites the
reproductive period was restricted to summer and early
autumn. Exposed site patterns are similar to M. pyrifera
in the northern hemisphere, which is continuously fer-
tile (Reed et al. 1996), but contrast with M. integrifolia,
which also show continuous recruitment throughout the
year (Druehl and Wheeler 1986). Populations and spe-
cies of southern Chile differ, not only in their repro-
ductive cycle, but also in their abundance patterns. In
northern Chile, M. integrifolia populations present a
very stable value of 2–4 plants per 0.25 m2, which is
similar to that found in exposed locations of M. pyrif-
era in southern Chile. However, the protected kelp
populations show a clear annual cycle (see also Busch-
mann 1992). In summary, we present three distinct
patterns: (1) in northern Chile, a stable population
abundance is observed, but with a clearly seasonal
reproductive pattern (in winter); (2) in southern Chile,
the exposed population shows stable population
dynamics, with continuous reproduction; and (3) also in
the south, we observed an annual population with a
reproductive season restricted to summer (Fig. 4).
Therefore, the adaptive capacity of the abundance
and reproductive patterns shown by these kelps to
different environmental conditions is a very important
characteristic.

Seasonal fluctuations in the environment typically
induce growth and reproduction in perennial organisms
that live long enough to experience repeated seasonal
changes. Furthermore, it is typical that plants living
outside the tropics, i.e. in more fluctuating environ-
ments, do not reproduce all year round (e.g. Battey and
Lyndon 1990). However, M. pyrifera is reproductive
throughout the year in the northern hemisphere (e.g.
Reed et al. 1996). Seasonal environmental changes
provide external signals that trigger internal processes in
plants. Only when habitat conditions are constant and
benign, will the growth and reproductive patterns arise
solely from the plant itself (Lyndon 1992). Population
patterns found in this study are not correlated with the
fairly constant environmental conditions found in
northern Chile, where the population is characterized by
more seasonal reproductive dynamics than their south-
ern counterparts in exposed areas. The explana-
tion seems to be that, in the northern environment,
M. integrifolia requires winter conditions (lower tem-
peratures) to reproduce, even though they can grow all
year round. In southern Chile, the appropriate repro-
duction conditions are present throughout the year, and,
in this case, M. pyrifera has developed a reproductive
strategy that enables plants to produce spores continu-
ously. For this reason the populations in the north ap-
pear to have developed a different strategy: their
populations are more perennial than those in southern
Chile and their holdfast regeneration capacity is greater,
as they are subjected to less intense winter storms than
populations in southern Chile (Vásquez and Buschmann
1997). On the other hand, these results show that the

exposed M. pyrifera reproductive strategy is to produce
spores independent of water conditions, in contrast to
the M. integrifolia populations in northern Chile that
produce spores during a restricted time period that
coincides with the sporophyte growth period.

Seaweed populations can be affected by the existence
of upwelling regimes and ENSO effects (e.g. Dayton and
Tegner 1984; Ormond and Banaimoon 1994). The three
study locations in northern Chile show stable or dis-
continuous upwelling regimes (Vásquez et al. 1998).
Thus, if M. integrifolia requires low temperatures in the
spring (8�C) to enhance growth of the sporophytes
(Fig. 9), we suggest that upwelling could be an impor-
tant oceanographic requirement for the maintenance of
these populations in northern Chile. Nevertheless, the
different wave regimes do not alter the population den-
sity and reproduction patterns for unknown reasons.
Furthermore, effects of El Niño events have been deci-
mating populations of the kelp Lessonia nigrescens from
Chile and other Laminariales in the northern hemi-
sphere for decades (Dayton and Tegner 1984; Tegner
and Dayton 1987; Castilla and Camus 1992; Camus
1994; Martı́nez et al. 2003). The link between these
periodical events on the northern Chilean coast and the
recovery of macroalgal populations requires close
attention in the near future.

Salinity remains almost constant along southern
California and Baja California, and has no apparent
effect on kelp distribution except in the inner portions of
estuaries (North et al. 1986). The same authors mention
that, in water bodies in northern and central California,
salinity may affect the population biology of giant kelp.
Druehl (1979) observed that M. integrifolia beds from
Vancouver Island are present in habitats where salinity
varied between 23& and 30&. In contrast, M. integri-
folia in northern Chile shows a significantly better
response at higher (>30&) salinities. On the other
hand, in the salinity-variable environments of southern
Chile, M. pyrifera shows a tendency to perform better at
27& and 30&. In some cases, the interaction with
locality indicates that the better responses at lower
salinities generally occur in protected annual kelp pop-
ulations. This result suggests that giant kelp may have
differentiated responses in relation to salinity, allowing
this species to inhabit estuarine environments like those
in southern Chile.

Reproductive plasticity may be an adaptive character
if the cost of producing propagules is low, as seems to be
the case for seaweeds (Pfister 1992). In this context, the
strategy of M. integrifolia in northern Chile and M.
pyrifera in developing annual population dynamics with
adjustment of their reproductive output to the prevailing
environmental conditions is particularly noteworthy. In
this last case, we have kelp populations growing and
producing sporophylls earlier and producing more
spores per area fertile tissue than the perennial popula-
tion. Nevertheless, the spore production and germina-
tion capabilities are very similar in exposed and
protected M. pyrifera populations. However, the early
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growth responses of the sporophytes showed very dif-
ferent patterns. Data show that growth of the sporo-
phytes is mainly restricted to winter and spring for the
exposed populations and that the protected kelps grow
mainly in autumn, at low water temperatures similar to
those present in southern Chile in winter. This evidence
indicates that whenever the plants produce spores
throughout the year they will become fertile, but will not
produce viable sporophytes all year round. For this
reason continuous production of new recruits cannot be
extrapolated from continuous spore production. This
result was only visible by repeating the experiments ev-
ery month.

The main prerequisite for the annual M. pyrifera
populations in southern Chile involves the coupling of
spore production and the long survival period that is
required. For seaweeds, the existence of seed banks has
been indicated (Hoffmann and Santelices 1991; Sante-
lices et al. 1995; Edwards 2003) and is invoked to explain
the massive disappearance and subsequent recovery of
decimated populations of M. pyrifera in the northern
hemisphere (Ladah et al. 1999). In this case, we found
that sporophyte growth is enhanced under low temper-
ature conditions. This suggests that the plants produce
propagules that are very successful in summer, but the
sporophyte growth conditions are essential to survive
the winter period. Light conditions have been demon-
strated to be important in the field for M. pyrifera
(Graham 1996). For this reason we suggest that the low
radiation and low temperatures present in southern
Chile are responsible for the dormancy of microscopic
stages of M. pyrifera during the winter period. Recently
it has been demonstrated that limiting resources can
delay recruitment of embryonic giant kelp sporophytes
for at least 1 month (Kinlan et al. 2003). These results
suggest that in variable environmental locations, such as
those in southern Chile, dormant stages appear to be a
requirement, but further studies need to be undertaken
on these annual populations.
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and C. Moreno. We also wish to recognize the advice and
constructive criticism of D. Varela and R. Stead on various aspects
of this manuscript and the English review of S. Angus. Paper No. 5
of i-mar.

References

Battey NH, Lyndon RF (1990) Reversion of flowering. Bot Rev
56:162–189

Buschmann AH (1992) Algal communities of a wave-protected
intertidal rocky shore in southern Chile. In: Seeliger U (ed)
Coastal plant communities of Latin America. Academic,
Orlando, Fla., pp 91–104

Camus PA (1994) Dinámica geográfica en poblaciones de Lessonia
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