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ABSTRACT 

The majority of the yearly organic carbon production in the coastal regions of the Southern Ocean 
occurs during summer blooms. Changes in the quantity and quality of the phytoplankton standing 
crop during this period will likely impact organisms that occupy higher trophic levels within the 
ecosystem. Here we report a recurrent shift in the dominant phytoplankton taxa during the austral 

summer in a coastal region along the Antarctic Peninsula. The pattern was observed each year between 

1991 and 1996 despite radically different biomass concentrations and meteorological and hydrographic 
conditions. We show that a repeated dominance of cryptophytes (Cryptophyceae) during the austral 
summer was significantly related (MAN OVA; P « 0.00 I) to decreased salinities during periods of 
glacial melting. The transition from a system traditionally dominated by diatoms to one dominated by 
cryptophytes represents a fundamental decrease in the average size of water column phytoplankton. 
This is reason for concern, as smaller size classes are not efficiently grazed by Ellphallsia slIperba. 

Higher proportions of cryptophyte biomass during the critical summer months may alter zooplankton 
assemblages and reduce carbon available to higher trophic levels by as much as 70%. Mean air 

temperatures along the Antarctic Peninsula have increased significantly (2-3 °C) over the past 50 
years. Warmer weather will likely extend the spatial and temporal influences of glacial meltwater 
and may increase the importance of cryptophytes, with significant consequences for Antarctic food 
web dynamics and coastal biogeochemistry. 
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INTRODUCTION 

Despite a rich literature describing the abundance and distribution of 
phytoplankton, the mechanisms governing the composition of 
phytoplankton assemblages are poorly understood. Though the effects 
of changing light/nutrient regimes on the structure of phytoplankton 
communities have received some attention in the region (Sommer and 
Stable 1986; Sommer 1986; 1988; 1991), the large spatial scale 
associated with the above investigations often lack a temporal component 
needed to resolve the kinetic aspect of phytoplankton succession (Moline 

and Prezelin 1997). Despite numerous descriptive studies on 
phytoplankton distribution and succession in open-ocean and nearshore 

environments, mechanisms for the observed changes are poorly 

understood. The structure of phytoplankton assemblages is an important 
ecological consideration as it can impact the feeding efficiency of 

zooplankton grazers (Quetin and Ross 1985). This is particularly 
important in nearshore waters during the austral summer when the 

magnitude and rates of trophic interactions are maximal (Laws 1985), 
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Phytoplankton community structure also plays a key role in the 

cycling of nutrients. Communities dominated by diatoms have been 

shown to have significant impact on silica cycling in the Southern 

Ocean (Leynaert el al. 1991 ; Nelson el a[. 1991; Queguiner el a[. 199 1). 

The different taxonomic groups of phytoplankton also vary by size 

class which affects assimilation rates of nitrogen and carbon (Goeyens 

el a[. 1991 ; Owens el a[. i 991; Boyd and Newton 1995; Claustre el a[. 

1997). These assimilation rates will, therefore, influence the rate's of 

particulate organic carbon and nitrogen flux to the deep ocean (Boyd 

and Newton 1995). 

The Long-Term Ecological Research Program (LTER; Smith el (1[. 

1996) was established in 1990, in part, to quantify how variab ility in 

the timing and extcnt of sea-ice formation influences the structure of 

the Antarctic food web. The initiation of this program was timely given 

documented environmental changes presently occurring in the Southern 

Ocean, including depletion of stratospheric ozone during the austral 

spring/summer (Farman ef aJ. 1985) and a significant wanning trend 

along the Antarctic Peninsula over the past 50 years of 2_)OC (King 

1994; Stark 1994; Smith et al. 1996). These environmental variations 

may underlie the observed large-scale shifts in both zooplankton 

communities (Loeb et al. 1997) and penguin populations (Trivelpiece 

et aJ. 1990;, Fraser et aJ. 1992). Changes in the Antarctic food web 

structure may be 'a "bottom up" response to alterations in phytoplankton 

biomass andlor community composition, The purpose of the present 

work was to utilize the LTER dataset to examine the environmental 

regulation of phytoplankton community composition in a nearshore 

coastal environment and to assess the potential impacts on higher 

trophic levels and consequences for biogeochemical cycling in the 

Southern Ocean. 

MATERIALS AND METHODS 

Sampling 

Over the austral spring/summer period from November 1991, through 

February 1996, 872 discrete water samples were collected at a nearshore 

station off Anvcr.; Island (64° 46.45' S, 64° 03.27' W; -75 m in depth). 

Water column sampling was conducted from a Mark V Zodiac® using 

5L GoFlo® bottles within 2 hours of solar noon. Samples were stored 

at ambient temperature in dark bottles and returned to Palmer Station 

for analyses. Salinity and temperature profiles were measured 

sir.nultaneously using a SeaBird® CTD on a second ZodiaC@,described 

by Smith et a[. (1992). 

Daily air temperature, snow cover and average wind speed/direction 

measurements were made at Palmer Station during the study period as 

part of a long term database collected by the U. S. Na tional Scicnce 

Foundation. Sea ice coverage was assessed by daily observations. 

Phytoplankton pigmentation and assemblages 

Aliquots of all whole water samples were analyzed for the algal 

pigments using reverse.phase HPLC procedures detailed in Moline 

and Prezelin (1996). To estimate the respective contribution of each 

taxonomic group, multiple regression analyses were performed on the 

concentrations of discrete samples of the taxonomic pigments against 

chlorophyll a (Chi a; Gieskes el ,,[. 1988; Everitt el a[. 1990; Bustillos 

el aJ. 1995). For each sampling date , the Chi a associated with each 

taxonomic group was computed using the regression coefficients from 

the concentration of its representat ive pigment(s); alloxanthin for 

cryptophytcs, chlorophyll b for chlorophytes, fucoxanthin for diatoms, 

and the sum of 19'-butanoyloxyfucoxanthin and 19'~ 

hexanoyloxyfucoxanthin for nanoOagellatesiprymnesiophytes (not 

including cryptophytes). Computed taxon-specific Chi a 

concentrations were, in tum, used to estimate the contribution of each 

taxonomic group to the total biomass. The predicted Chi a 

concentrations from the regression analyses agreed well with the 

measured concentrations over the five year study (Predicted Chi a = 

0.99' Measured Chi a, R2 ~ 0.99), indicating the total Chi a could be 

attributed to these four taxonomic groups. Groupings from these 

analyses were confinned microscopically using fresh samples collected 

from whole water and a Ziess Axiophot microscope, with a combination 

of light and epiOuorescence microscopy at 400x. 

Statistical tests 

Differences between mean values were detennined with a single 

classification analysis of variance (ANOVA). Since many of the 

variables were not nonnally distributed., a randomization ANOVA 

technique (100.000 randomizations, cf Manly 1991) was used to verify 

significance levels obtained from initial ANOVA results. LS Means 

procedures were employed as follow-up pair.wise tests when 

distinguishing between taxonomic groupings in Fig. 3a. 

Trophic transfer model 

A model was developed to quantify the partitioning of carbon through 

the Antarctic food web. Total autotrophic carbon production served as 

the model 's primary input, which was partitioned into either 

cryptophytes or other phytoplankton groups. Input values were based 

on measurements made throughout December and January of 1991-

1994 (Moline and Prezelin 1996). The relative fluxes from the primary 

carbon pool to krill, salps and other grazers (i.e. , copepods) were 

dependent on the phytoplankton assemblage and transfer efficiencies. 

Transfer efficiencies of carbon (cryptophytes to krill=IO%, 

cryptophytes to salps~60%, other phytoplankton to krill~60%, and 

other phytoplankton to salps=60%) were mean values from previous 

studies relating percent retention of algae by krill based on size 

(MacClatehie and Boyd 1983; Meyer and EI-Sayed 1983; Boyd el a[. 

1984; Quetin and Ross 1985) and on feeding studies ofSaJpa thompsoni 

(Madin and Kremer 1995), a principle tunicate in the Southern Ocean 

(Huntley el al. 1989). Partitioning of carbon to grazers was also a 

function ofa range of previously reported krill to salp ratios (Pakhomov 

el al.; Nishikawa et aJ.; Loeb el aJ. 1997). Carbon from the grazers 

was directed either to higher trophic levels, sedimentation or respiration. 

Transfer of carbon from krill to respiration was 34% (Huntley el aJ. 

1991), from krill to higher trophic levels was 32.5% (Huntley el a[. 

1991 ), with the remaining fraction going to sedimentation. Transfer of 

carbon from salps to respiration was 14.8% (Huntley et al. 1989), from 

salps to higher trophic levels was assumed low at 5% (Foxton 1966; 

Gon and Heemstra 1990), with the remaining fraction going to 

sedimentation. 

• 
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Fig. I: Seasonal change In the depth distribution of chlorophyll a from 1991-1996. 
Contoun are shown with a malfmum of 5 mg m'~ Chi a for comparatl,'e 
purposes between yean. Peak chlorophyll a concentrations (29.2 mg m") 
occurred in December 1991. The presence of significant pack Ice (>50% 
coverage) Is Indicated by hatch ban. Measurements were taken at 64° 46.45'S, 
64° 03.27'W. 

RESULTS 

There was high inter-annual variability in peak phytoplankton standing 

stock (2.3 - 29.2 mg Chi a m"'; Fig. I). Seasonal and annual patterns 

were primarily driven by water column stability influenced by local 

wind stress. which varied dramatically between years (Moline and 
Prezelin 1996). Daily average wind speeds of 12 m s'( was found to be 
a critical threshold for significant water column mixing. Continual 

winds above this threshold were correlated with periods oflow biomass. 
During the 1992-1993 season, continual high winds resulted in low 

biomass throughout the season (Fig. I). In contrast. during an extended 

period of daily average winds below 5 m s'( in 1991-1992. the depth of 

the mixed layer shallowed and a large bloom developed (Fig. I. Moline 

and Prezelin 1996, 1997; Moline et al. 1997). 
Despite high inter-annual variability in Chi a. a consistent and 

repeated pattern in the succession of the phytoplankton community 

was observed. In all five years of this study. diatoms dominated the 

late spring phytoplankton populations (Moline and Prezel in 1996). with 

a transition to surface populations of cryptophytes during the summer 
of each year (Fig. 2). The transition to cryptophytes coincided with 

the initiation of glacial meltwater input to the coastal waters (Fig. 2). 
When the percent dominance of cryptophytes and the salinity at discrete 

points in the water column were directly compared there was a 

significant correlation (Fig. 3: p « 0.001). The fact that this 
relationship does not take the temporal dynamics into consideration 
indicates that the 'response' of cryptophytes to these low salinity 

environments occurs on time scales similar to the sampling effort (2-3 

days). When comparing the response of the major taxonomic groups 

of the study. cryptophyte dominance was found to be significantly 
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Fig. 2: Seasonal change In the depth distribution In the percent contribution of 
cryptoph)'tes to the o\'erall biomass from 1991-1996. Contours are shown 
with a maximum of75% cr)'ptophyte contribution for comparltl\'e purposes 
between years. The presence of significant pack Ice (>50% coverage) Is 
indicated b)' hatch ban. ArrO\u indicate the initiation of glacial meltwater 
input into the region. O"erlaid In the 1991-1992 plate are contours of salinity 
at 0.25 SU inten'als. ;\Ieasurements were taken at 64° 46.45·S. 64" 03.27'W. 

dependent (MANOVA. p « 0.(01) on the low salinity water 

characteristic of the meltwater lens (Fig. 4a). In contrast. diatoms and 

prymnesiophytes dominated the phytoplankton assemblages in other 

physical domains and were not significantly different from each other 
(Fig.4a). 

The occurrence of cryptophytes correlated also with the daily mean 

air temperature measured during the five-year study period (Fig. 4b). 

When mean air temperatures exceeded the freezing point. the percent 

of cryptophytes to the total biomass increased significantly from -5% 

to -15~·'O (ANOVA: p < 0.05). As the mean temperature increased to 

1_2° C. there was a highly significant increase in the percent 

cryptophytes to -30% (ANOVA; p « 0.001). Overall. there was a 

highly significant difference between samples> 0° (and those < 0° ( 

(ANOVA; p« 0.001). which supports the assertion that the relative 

abundance of cryptophytes changed in response to the formation of 

glacial meltwater. 

DISCUSSIO~ 

Warmil,g tre"d.~ alollg tire Amar"tic Pellillsllia 

Mean air temperatures along the Antarctic Peninsula have increased 

significantly (2-3 O() over the past 50 years (King 1994: Stark 1994: 

Smith et al. 1996). with potential consequences for ice shel f dynamics 
(Vaughan and Doake 1996) and glacial melting (Ashley et ttl. 1994). 

The increased temperature will likely alter the spatial extent and timing 

of glacial meltwater runoff. Low salinity \vater is already a significant 

geographic feature of the Antarctic Peninsula during summer months. 
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extending 80 - 100 km offshore, well beyond the present study site 

(Fig. 5). Given this and the significant response of cryptophytes to 

meltwater input (Figs. 2-4), a significant shift in the structure of both 

the phytoplankton and zooplankton communities in the shelf waters 

of the Southern Ocean may be occurring. 

Warming trends and the change in phytoplankton assemblages 

Although long-tenn data sets of phytoplankton assemblages are scarce, 

a limited number of past studies combined with a large number of 

recent reports are suggestive of a change. A 24-year study (1970-

1993) in Paradise Bay has revealed a significant reductio~'in the 

abundance of diatoms and an increase in cryptophytes and other 

• phytoOagellates (Ferreya and Tomo 1979; Ferreya, pcrs. eomm.). Krebs 

(1983) sampled at biweekly intervals from 1972-1974 in approximately 

the same location as the present study and found onJy diatoms; cell 

numbers were highly correlated to Chi a concentrations, suggestive of 

low abundances of other phytoplankters. More recently, a four-year 

study (1990-1993) ncar the South Shetland Islands found dramatic 

decreases in the abundance of diatoms and a corresponding increase 

in eryptophytes and other phytoOagellates (Vi llafane el al. 1995) . 

Although these taxonomic changes were not directly attributed to low 

salinity, there were associated changes in the salinity fields (Amos 

1993). Cryptophytes have been found to contribute to the majority of 

the total biomass (over 95% in some cases) in the low salinity waters 

of retreating marginal ice zones in the Wedde ll-Scotia-Bellingshausen 

Confluence areas (Lance1ot et al. 1991 ; Treguer el al. 1991; Burna el 

01. 1992; Mura el al. 1995; Kang and Lee 1995; Aristegui el al. 1996). 

In the Ellis Fjord, Cryptomollas cryphila was dominant during the 

summer when there was a high input of glacial meltwater (McMinn 

and Hodgson 1993). Kopezynska (1992) also found a recurring 

dominance of phytotlagellates (primarily cryptophytes) over diatoms 

in Admiralty Bay, King George Island during mid-summer periods of 

meltwater input. Kang et al. (1997) found a significant relationship 

between cryptophytes and decreasing sal inity in the same location. 

The occurrence of cryptophytes in low salinity environments in the 

Southern Ocean is consistent with observations made in temperate 
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regions, where cryptophytes are often associated with brackish water 

(Prezclin and Bozear 1986). 

Mechanisms, other than decreased salinity, have been suggested to 

explain phytoplankton successional cvcnts from diatoms to 

phytoOagellates in theAntarene. Kopezynska (1992) found significant 

krill populations corresponding to low diatom and high phytoOagellate 

concentrations, and suggested this was a result of previous selective 

grazing pressure. Kopczynska (1992) and others have also shown a 

dominance of flagellates in areas of deep vertical mixing. while Sommer 

(1988) has shown these phytoplankton to exist in regions with shallow 

mixing depths. The effects of changing light/nutrient regimes on the 

structure of phytoplankton communities have received some attention 

(Sommer and Stable 1986; Sommer 1986; 1988; 1991), with the 

dominant phytoflagellate, Phaeocystis pouchetii, in environments 

characterized by low nitrogen and high silicate concentrations. 

While grazing, mixing regimes and macronutrient conditions have 

been related to community structure, they were not found to be 
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responsible for the dominance of cryptophyte populations in thi s slUdy. 

The abundance and types of grazers in the study area were found to 

vary between years (see Baker et al. 1996; Ross et al. 1996). While 

prymnesiophytes, in this case P. pouchetii, were generally found to 

' dominate the phytoplankton biomass during high mixing regimes in 

late summer, similar to Kopczynska ( 1992). the repeated pattern of 

cryptophyte dominance occurred during different mixing conditions. 

During the 199 1-92 season, cryptophyte populations were found 

dominant in a stable water column resulti ng from meltwate r input and 

continual low wind speeds (Moli ne and Prezelin 1996; Moline 1998). 

Cryptophyte dominance also occurred the following year, however, 

persistent high winds maintained deep mixing the entire season (Moline 

and Prczelin 1996). Macronutrients measured during thi s study also 

varied within and between years and were not consistent with the 

occurrence of cryptophytes (Moline 1996). While not quantified here. 

micronutrients within the glacia l meltwater may be an important factor 

leading to phytoplankton successional events and should be considered 

during future studies. Sal inity was the only parameter found during 

this study to significant ly corre late to the transition to cryptophytes 

within the phytoplankton community from year to year. 

Implications for a change in phytoplankton assemblages 

The recurrent transition from diatoms to cryptophytes in this study 

represents a fundamental decrease in the size class of tile phytoplankton. 

Bloom-forming diatoms range in size from 15-270 I.lm (Krebs 1983; 

McMinn and Hodgson 1993), while cryptophytes at thi s study site 

were measured at 8 ± 2~ (see McMinn and Hodgson 1993; Kang 
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Autotrophic 
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IlighcrTrnphic l.evels 
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Respi ration 

(Other L OS5CS) 

F1~. 6: Flow dla~ram of thc model used to caleulat!.' energy transfer throughout the 
Antarclic food web. Autotnlphic carbon prodUction W85 partitioned Into a 
cr" ptophYle and ' other' phytoplankton pool hased on measurements made 
from 1991 - t994 (Moline and Prezelln 1991). The transrer or carbon from 
the prim ary produce" to grazer pools was ulculated based grazing rates 
thaI wel"C dependent on the size clan or the algae. Carbon rrom primary 
graze" Is transferred to sedimentation. hlghl' r trophic le\'els and other 10511,'5. 

The model incorponles hoth the erTcet of changing phytoplankton assenlb1age 
and \'arlous ratios or krill 10 salp biomass. 

and Lee 1995). This size difference can impact the grazing efficiencies 

of key zooplankton species. Antarctic krill . Euphausia .wperba, for 

examp le. does not feed cq ually we ll on all s izes c lasses of 

phytoplankton; cells < 20 J.Ull are retained with < 50% efficiency 

(MacClatchie and Boyd 1983: Meyer and EI·Saycd 1983: Boyd el (II. 

1984: Quetin and Ross 1985; Grancli et al. 1993). Moreover. recent 

field evidence sugges ts that adult krill se lective ly graze large r 

phytoplankton cells resulting in a relative increase in the abundance of 

smaller ce ll s including cryptophytes (Kopczynska 1992). In contrast. 

sa lps arc capable of feeding on a large range of particle sizes and have 

been shown to effectively graze on phytoplankton in the size range of 

cryptophytes (Madin and Kremer 1995). 

Phytoplankton assemblages can also innuence the distribution of krill 

(Daly and Macauley 1991: Madin and Kremer 1995: Quctin el (l l. 1996). 

Increased cryptophyte dominance may cause adult krill to exhibit a 

directed offshore movement , independent of hydrography (Kanda et 

al. 1982), to more effcctively graze larger diatom populations. Krill is 

considered the keystone species in the Antarctic marine food web and 

shifts in its spatial di stribution during summer will affect numerous 

organisms. particularly penguins and some seals/whales . As an 

example. the foraging distances for land-based species such as the 

Adclie penguin would likcly increase with a negative feedback 10 ils 

growth and reproduction (Fraser and Trivelpiece 1996). The impact 

on higher trophic levels may be especia lly significant. as cryptophytc 

dominance occurs during summer months when feeding activities and 

growth of most species arc maximal (Laws 1985). 

High concentrations of cryptophytes and the absence of krill in 

nearshore waters may allow for a proliferation of sa Ips. which reproduce 

rapidly in response to favorable environmental conditions via asexual 

reproduction (see Alldredge 1984 for relevant review). In fact. Salpa 
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thompsolJi was abundant in coastal areas, including the Palmer 'basin, 

and less prevalent offshore during the summer months of 1993-94 (Ross 

• el ul. 1996), coincident with a peak occurrence of cryptophytes (Fig. 2). 
A recent report documents a long-term shift in the zooplankton 

community near Elephant [sland in response to fluctuations in sea-ice 

cover and changes in mean air temperature (Loeb el al. 1997). Colder 

yea rs with extensive sea-icc development were found to favor 

reproduction and survival of Antarctic krill. Euphalls;a slIperba, while 

warmer yea rs, where mean yearly air temperatures occasionally 

exceeded -I (I C, reduced the extent of sea-ice and showed Salpa 

thompso,,; was the dominant herbivore (Loeb el al. 1997). Other studies 

have also quantified this inverse distribution of krill versus sa lps near 

the Antarctic Peninsula (Huntley et 01. 1989; Nishikawa 1995) and 

frontal regions (Pakhomov el ul. 1994). 

Changes in the phytoplankton assemblage documented in this study 

provide an alternative mechanism from Locb et 01. {l997} to explain 

these observed shifts in zooplankton communitics. During warmer years, 

there is a potential for increased glacial melting during the summer and 

an increase in cryptophytes, which may favorsalps over krill. Conversely, 

colder years will tend to decrease the abundance of cryptophytes and 

favor diatoms and krill. These changes in zooplankton communities 

and the prevalence of salps as the dominant zooplankter during the 

increasing number of 'warm' years is important as salps are not a 

significant source of carbon to vertebrate predators in the Southern Ocean 

and represent a tenninus in carbon transfer to higher trophic levels (Fox ton 

1966; Gon and Heemstra 1990). 

A model was developed to quantify the potential effects of changing 

phytoplankton sizc class and zooplankton assemblage on the flow of carlJon 

through the Antarctic food web (Fig 6). Model results revealed that both 

a shift in the phytoplankton community composition and the relative ratio 

of krill to salp biomass significantly altered the amount of carbon available 

to higher trophic levels and increased sedimentation (Fig. 7). From 1991 
to 1994. the percent of total carbon production from cryptophytes during 

summer months increased from 19% to 53%. The direct effect of this 

change in phytoplankton productivity was to decrease the amount of carbon 
flow through krill by 32% (Fig. 7a). Because of decreased phytoplankton 
sizc and decreased grazing efficiencies by krill , the carbon available to 

snips increased almost threefold. The direct effects of this increase in a 

krill dominated system were to decrease trophic transfer (43%) and 

sedimentation (4 1 %) as a consequence of fecal production by krill . 

Sedimentation as a result of sa lp feeding activities increased fivefold. 

Similarly, Boyd and Newton (1995) have shown that between year.; of 

similar biomass and productivity, the changes in the community structure 

can alter the flu..'( of particulate organic carbon by two fold. The increased 

abundance of cryptophytes \vould decrease the biogenic silica production 

in the upper water column and decrease the rate and quantity of biogenic 

silica accumulation in the sea-bed. 

In response to a relative decrease in krill abundance, the model revealed 

that 75% of fixed carbon originally transferred to higher trophic levels 

would be redirected to the sediments (Fig. 7b). The decreased krill to 
saJp ratio was also shown to double the carbon sedimented or available 

to the microbial loop. This is in part caused by decreased krill fecal 

pellet production and the fact that salps are not effieciently utilized as a 

carbon source by other predators (Foxton 1966: Gon and Heemstra 1990). 
These outputs should also be viewed as conservative, given that the 

model does not incorporate the 7: 1 difference in longevity between krill 

and salps, respectively. Model results illustrate that the influence of 

cryptophytes and the change in zooplankton community has the potential 
of altering the structure of the food web and directing carbon away from 

use by top vertebrate predators of the Antarctic ecosystem, such as fishes, 

birds, seals and whales. 

CONCLUSIONS 

We postulate that continued warming along the Antarctic Peninsula 

will lead 10 an increase in the spatial extent and duration of summer 

glacial meltwater runoff. Lower salinity water will rapidly alter the 

composition of summer phytoplankton blooms from primarily diatoms 

to those dominated by cryptophytes. Historical data are supportive of 

this hypothesis and the literature suggests an emerging dominance of 

cryptophytes and other phytoflagellates in low salinity coastal waters. 

This will likely influence krill distributions and increase the 

reproductive success of salps in coastal waters. Our described 

relationsh ip between lower sa linity and cryptophyte dominance 

provides a mechanism explaining the results of a recent report (Loeb 

et al. 1997) which related a decrease in krill abundance (with a 

corresponding increase in salps) to regional warming of surface air­

temperatures along the Antarctic Peninsula. If documented warming 

trends continue, the importance of cryptophytes will like ly increase 

with significant consequences for Antarctic food web dynamics and 

coasta l biogeochemistry. 

l 
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