


 23

weighted. Erythemal radiance is similar to plant and DNA action spectra, and is easily 

cross-calibrated with biometer data (Nunez et al., 2006). Other specific physiological 

weighting functions were not relevant here as the physiological responses of an entire 

microbial community were being examined. Measurements taken from immediately 

below the water surface and the centre of the minicosm tank screened by UV 

transmissive acrylic only were modelled to obtain the light climates of each treatment.  

 

 

 

Figure 2.2. Exploded diagram of the minicosm tanks and the screens used to achieve the light climates.  
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Figure 2.3. Percent transmittance of all six screens (measured using a GBC 916 UV/VIS 
spectrophotometer) from Thomson et al. (2008). The treatments used for this study were PAR, 
PAR+UVA, Low UVB and High UVB. 
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Surface irradiances in each of the minicosms were equivalent to 12.2m (PAR 

treatment), 9.43m (PAR+UVA treatment), 7.15m (PAR+UVA+L-UVB treatment) 

and 4.43m (PAR+UVA+H-UVB treatment) water column depth. As indicated in 

Figure 2.3, PAR received in each treatment was approximately equal. The equivalent 

depths provided indicate the depth in clear Antarctic seawater at which the attenuation 

of erythemal UV by the screens was equivalent to that in the water column. The 

depths were calculated using Beer’s Law and an attenuation coefficient for erythemal 

UV of 0.4, after Davidson & van der Heijdon, (2000). The increase in cumulative 

erythemal UV (J m-2) during the experiments and the UV dose received by each 

treatment at the end of each incubation is given in Table 2.1 and was approximately 

linear (see Fig. 5.1, Chapter 5). 

 

Table 2.1 Cumulative erythemal UV dose (J m-2) received by the end of each minicosm experiment. 

Treatment Experiment 1 Experiment 2 Experiment 3 
PAR 83 89 79 
PAR+UVA 258 274 228 
PAR+UVA+L-UVB 633 678 617 
PAR+UVA+H-UVB 1864 2003 1841 

 

2.2.4 Sample Collection and Grazing Experiments 

The dilution technique (Landry & Hassett, 1982) was used to estimate 

microzooplankton grazing and phytoplankton growth rates, with modifications 

according to Gallegos et al., (1996) and Safi et al., (2007). Four triplicate dilution 

levels of 100%, 70%, 40% and 10% of the microbial community were incubated in 

2.3L polycarbonate (UV exclusive) bottles for each grazing experiment (Safi et al., 

submitted). For logistical reasons, dilution experiments for each treatment were 

staggered through the day at three-hourly intervals beginning at approximately 8am. 

Seawater for filtration and dilution was collected from a re-circulating seawater tank 

and gravity filtered through a Gelman 0.2µm SuporCap™ cartridge filter into the 

incubation bottle. The bottle was then gently filled with microbial community from 

the relevant minicosm via the Teflon sample line. The bottles were incubated at 1.2m 

depth for 24h ± 15 min in the recirculating seawater tank. The shallow depth ensured 
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the bottles were exposed to saturating light intenisities, however, as the bottles were 

suspended on the shaded side of the tank to minimise light shock, we have no measure 

of the diffuse irradiance. 

2.2.5 Microbiology 

Concentrations of chlorophyll a (Chl a), phytoplankton, bacteria and 

microzooplankton were enumerated at the beginning of each dilution experiment. Chl 

a was determined after 24h incubation in each bottle.  

Chl a was measured using the HPLC method of Wright et al. (1996). A known 

volume of water was filtered to dryness through a 13mm Whatman GF/F filter (0.7µm 

nominal pore size) at the beginning and end of each dilution experiment. Excess water 

was blotted from the filter and the sample frozen in liquid N2. Chl a was analysed by 

detection at 665nm and quantified using an internal standard, trans-B-apo-8′-carotenal 

(Fluka) at 140ng per sample. The samples were identified by comparison with a 

‘standard mixture’ containing Chl a (Jeffrey, 1997; Trevena & Jones, 2005). 

Protist identity, concentration and trophic status were determined in whole water 

samples at the beginning of each grazing experiment, using light, fluorescent and 

electron microscopy. Samples were filtered onto 47mm 0.8µm polycarbonate filters 

and filter concentrated to approximately 3ml. The cells were re-suspended and 

observed on a Zeiss Axiovert inverted microscope at ×400 magnification under 

Nomarski and blue epifluorescent excitation to determine the presence of chlorophyll.  

The concentrate was also used to prepare transmission electron microscope (TEM) 

grids for shadow casting. A droplet of concentrate was pipetted onto parafilm in a 

90mm petri dish. A formvar and polylysine coated TEM grid was placed at the 

bottom of the droplet and the sample exposed to OsO4 vapour for 2 minutes. Cells 

were then sedimented onto the grid for 3h, the grid rinsed in distilled water and 

allowed to dry. The grids were then shadow cast with chromium and observed on a 

Phillips TEM. 

Protists were identified and counted using a Zeiss Axiovert microscope with 

Nomarski interference optics. Approximately 90ml of sample was fixed with 1% final 

concentration EM grade glutaraldehyde for 20 minutes, then post-fixed with 

approximately 4.5ml l-1 of acid Lugol’s Iodine. The cells were allowed to settle for ≥ 

4d, the supernatant removed by aspiration and then stored at 4±2°C until analysed. An 
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aliquot of concentrate was transferred to Utermöhl sedimentation cylinders and the 

number and identity of cells in 20 randomly chosen fields counted. Information from 

epifluorescent microscopy and TEM grids aided in identification of protists and their 

trophic status.  

Bacterial abundances were determined by epifluorescent microscopy during Expt. 1 

and flow cytometry for Expt. 2 and 3. For Expt. 1, bacteria were stained using 4’6 

diamidino-2-phenylindole (DAPI); around 0.2ml of 10mg/100ml DAPI was used per 

10ml of sample. The sample was allowed to stain for 15 minutes in the dark, filtered 

onto 25mm 0.2µm black polycarbonate membrane filter (Poretics) and observed at 

1000 X magnification on a Zeiss Axiovert under UV excitation (filter set 487902 with 

365nm exciter filter, 395nm chromatic beam splitter and 420nm barrier filter).  

For Expt. 2 and 3, flow cytometry (Becton Dickinson FACScan) was used to 

determine total bacterial abundance after staining with SYTO 13 (Servais et al, 1999; 

Lebaron et al, 1998). Stained bacteria were identified in the bivariate plot of forward 

scatter against green fluorescence. The cytometer vials were weighed to ±1x10-4g 

before and after analysis to determine the volume analysed. The volume was then 

used to calculate the concentration of stained bacteria. 

Ground-truthing of microscopy vs flow cytometry was conducted at the end of the 

first minicosm experiment to ensure agreement between concentrations of total 

bacteria using both methods – microscopy and flow cytometry (Table 2.2). At the end 

of Expt. 1, triplicate slides were prepared using 5ml of natural seawater, and bacterial 

concentrations were determined by microscope after staining with DAPI and SYTO 

13 (Molecular Probes). Counts were performed over 10 randomly chosen fields of 

view, and the concentration calculated from the grand mean. Aliquots from the same 

samples were also stained using SYTO 13 and the concentrations of stained bacteria 

determined using a Becton Dickinson FACScan. Comparison by t-test showed that 

concentrations obtained using the two methods did not differ significantly. 
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Table 2.2  Ground-truthing data for total bacteria counts – microscope and flow cytometry. 

 

  Total bacteria - Microscope Total bacteria - flow cytometry 
Slide 1 1013073 995522 
Slide 2 1061915 959225 
Slide 3 1246779 955492 
Mean 1107256 970080 
t value 1.8971   
df 4   
Probability 0.130674   

 

2.2.6 Sulfur Analyses   

Samples for DMS, total DMSP (DMSPt) and dissolved DMSP (DMSPd) were taken 

at the beginning and end of each dilution experiment. DMSP particulate (DMSPp) 

values were calculated from the difference between DMSPt and DMSPd. Discussion 

of the relative merits and drawbacks of this method are given in section 2.4.4.  

An attempt was made to purge seawater that had been filtered for dilution (0.2 µm) 

with helium prior to the grazing experiments being performed, in order to remove as 

much DMS from the diluent as possible. However, this met with limited success, 

probably due to the large mass of water, the low temperature of the water, and a 

limited amount of helium. This approach was not used after the first minicosm 

experiment, and instead, DMS and DMSPd concentrations were measured in the 

diluent immediately before the grazing experiments were made up, and these 

concentrations were used to calculate the initial concentrations present in the diluted 

treatments. This approach was also used during the first minicosm experiment, as so 

little of the DMS present had been removed by purging. Purging with He may have 

affected other biological gases such as CO2 and O2, leading to possible effects on 

rates of microbial production and survival. However, DMS concentrations measured 

before and after the purging were very similar, and this suggests that similarly volatile 

gases such as CO2 and O2 were also unaffected. Two of the four grazing experiments 

from the first minicosm were successful. Microbial evidence from this experiment 

suggests that the rarity of grazers led to the failure of two of the experiments (this is a 

common problem when using grazing experiments in production based systems) 

rather than a gas equilibrium problem. The success of two of the experiments despite 

this lack of grazers suggests that the diluent used was still comparable chemically to 
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the natural community it was mixed with. The failure of the other two was more likely 

to be a result of the structure and function of the microbial community (see 

Discussion, section 2.4.2).  

All samples were stored prior to cryogenic purge and trap determination by gas 

chromatography following the method of Curran et al. (1998a) and Curran & Jones 

(2000). DMS was purged and adsorbed onto gold tubes in an adaptation of the 

methods of Andreae et al. (1993), and Ayers et al. (1991), until analysis using gas 

chromatography with flame photometric detection (GC-FPD) (Curran et al., 1998a). 

DMSPd samples were prepared via gentle filtration through 0.45 µm single use 

syringe filters using a peristaltic pump (Curran & Jones, 2000). Filtration is known to 

cause cellular damage and subsequent release of particulate DMSP to the dissolved 

phase (Yang et al., 2005), warranting very low or nil vacuum filtration. DMSP 

samples were stabilised using concentrated analytical grade HCl to pH ≤ 2. 

All sulfur analysis was by Varian 3400 GC equipped with a flame photometric 

detector (FPD) and a Teflon column (1/8” OD) packed with Porapak Q (Alltech). 

Helium carrier flow was 30 ml min-1 and the column was operated isothermally at 

180°C. Acidified sequential standards were diluted from DMSP-HCl stock (Research 

Plus Inc. New Jersey), and quantitative cleavage of both standards and DMSP 

samples to DMS was achieved using 10M analytical reagent grade NaOH solution. 

DMSP samples were cleaved 6-24 hours prior to analysis and a 10 or 20 ml aliquot 

was transferred via gas-tight syringe to the glass purge chamber (Curran et al., 1998a; 

Curran & Jones, 2000). The aliquot was purged for 5 minutes using Helium at a flow 

rate of 20-30 ml/min and the gaseous DMS trapped cryogenically in a Teflon loop 

immersed in liquid nitrogen. DMS yield at 5 minute compared to 15 minute purge 

times revealed a 19.9% (n = 10, SE = 1) under-estimation of DMS concentration 

using 5 minute purging times. This was tested over the calibration range using 

standards, and also using coastal marine microbial community in New South Wales 

prior to the field work in Antarctica. All DMSP measurements were adjusted 

accordingly.  

The instrument detection limit was 1.5 ng sulphur, or 0.05 nM (all analytes were 

analysed as the detection of total sulphur, MW 32). This was calculated on the basis 

of a set lowest detectable concentration (1.5 ng sulphur), a more conservative 

approach than calculating the actual IDL, which would have been lower, but may 
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have varied slightly over time due to instrument drift, and the difficulty of analysis of 

this kind of volatile analyte. As such, the instrument was calibrated a number of times 

per day. Data was calculated in terms of ng sulfur prior to conversion to nanomolar 

(nanomoles per litre) of the relevant analyte. Data below the instrument detection 

limit was recorded as non-detectable. 

2.2.7 Data Analysis 

Growth and grazing rates for both phytoplankton and bacteria were determined using 

linear regression analysis and were accepted under 95% confidence limits (Landry & 

Hassett, 1982, Safi et al, 2002; Safi et al., 2007). Apparent change in concentrations 

of Chl a or bacteria following 24h incubation in each dilution was used to calculate 

growth and grazing mortality using equation 1. 

 r = k-g = 1/t lnNt/N0  (Eqn 1), 

where, k is gross growth, g is grazing mortality, t is incubation time (d) and N0 and Nt 

are the initial and final concentrations of Chl a or bacteria respectively. 

Apparent changes in the concentration of Chl a or bacteria were plotted against 

dilution factor (0.1, 0.4, 0.7 and 1.0 fraction whole water), with the negative slope of 

the regression produced corresponding to the grazing rate, and the y-intercept to the 

phytoplankton or bacterial growth rate in the absence of grazing (Landry & Hassett, 

1982; Landry et al, 1984; Campbell & Carpenter, 1986). Figures 2.3 & 2.4 are 

examples of significant regressions used to calculate growth and grazing mortality 

rates of phytoplankton and bacteria.  

The growth rates of protozoa (µz) were also calculated using equation 1 and the 

relative geometric mean predator density (GMPD) determined following Gallegos, 

(1989) and Gallegos et al., (1996), using equation 2. 

           Relative GMPD = eµz ∆t/2    (Eqn 2) 

Grazing rates were corrected for grazer growth by dividing the linear regression 

slopes by the relative GMPD (Gallegos et al., 1996).  
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Figure 2.3 Example of a significant linear regression producing growth and grazing mortality rates for 
phytoplankton (PAR+UVA treatment, Expt. 2) 
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Figure 2.4 Example of a significant linear regression producing growth and grazing mortality rates for 
bacteria (PAR+UVA treatment, Expt. 2) 
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The loss of gross production due to grazing of phytoplankton and bacteria was 

calculated using the uncorrected grazing rates divided by the relevant growth rate and 

expressed as a percentage. The uncorrected grazing rates were used as these are gross 

measures of phytoplankton production and standing stock grazed – these need to be 

calculated in view of the gross amount of grazing that occurred, rather than using a 

corrected value which adds grazer growth. Unless mixotrophic, grazers do not 

contribute to primary production and standing stocks. 

The percentage of standing stock grazed was calculated using: 

percent SS grazed = (1-exp -g)*100    (Eqn 3) 

and the potential percentage of primary or bacterial production grazed was calculated 

using: 

percent production grazed = 100*(1-exp(-g))/(1 -exp(-µ))    (Eqn 4) 

where g = grazing rate measured using the dilution technique and µ = the specific 

growth rate measured using the dilution technique (Safi et al., 2007). 

The same approach used to calculate growth and grazing mortality was used to 

quantify rates of production and consumption of sulfur compounds (DMSPp, DMSPd 

and DMS), and the percentage of their standing stocks and production that were 

consumed. Linear regressions of the change in concentration of each sulfur compound 

over the incubation period were used to calculate production and consumption rates. 

The rate of sulfur compound production (in the absence of loss processes) was 

analogous to the phytoplankton growth rate, while the loss rate (consumption, 

conversion or ventilation) was analogous to the grazing rate (the negative slope). The 

production of DMSPd and DMS can often be strongly affected by heterotrophic 

grazing (Wolfe & Steinke, 1996; Archer et al., 2000). While grazing was likely to 

have a significant effect on DMSPp consumption and DMSPd and DMS production, 

it is unlikely that this was the only production/consumption pathway for these 

compounds. Thus, no GMPD correction was applied. Furthermore, the purpose of the 

sulphur species regressions was to calculate gross production and consumption rates, 

regardless of microbial growth. 

Linear regression analyses were conducted to identify any correlation between growth 

and grazing rates, and production and consumption rates. All rates calculated were 
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also regressed against cumulative UV dose to identify any UV effect present by the 

end of the incubation periods. 

2.3 RESULTS 

The microbial communities of Expt. 1 and 2 were similar in composition, with the 

most abundant groups being auto- and heterotrophic flagellates, ciliates and 

cryptophytes (Appendix 7). In Expt. 3, diatoms and choanoflagellates were the most 

abundant groups. UV-induced differences in the structure and function of the 

microbial communities were subtle, irrespective of experiment (Thomson et al., 

2008). Biological parameters relevant to the grazing experiments are given below. 

By the end of the three 13-14d incubation periods, the cumulative erythemal UVR 

dose for the PAR treatment was 79-89 J/m2, for the PAR+UVA treatment was 228-

274 J/m2, for the PAR+UVA+L-UVB treatment was 617-678 J/m2, and for the 

PAR+UVA+H-UVB treatment was 1841-2003 J/m2 (Table 2.1 & Fig. 5.1, Chapter 5). 

2.3.1 Microbial Abundances and Community Composition   

Detailed analyses of microbial communities and UVR impacts are presented in 

Thomson et al., (2008). Initial Chl a concentrations were around 0.5µg l-1, and 

increased exponentially in all experiments (see Fig. 5.2, Chapter 5). Cryptophytes and 

dinoflagellates dominated the autotrophs in Expt. 1 and 2, although concentrations 

were lower at the end of Expt. 1. After 13d, Expt. 3 was dominated by pennate and 

centric diatoms, and stationary growth was reached within the incubation period.  

Thomson et al., (2008) found that the first two experiments also had similar protozoan 

communities, with heterotrophic dinoflagellates and ciliates numerically dominating. 

In Expt. 3 the protozoan assemblage was dominated by bactivores including 

choanoflagellates and heterotrophic nanoflagellates.  

Initial concentrations of bacteria in Expt. 1 (2 ×105 cells ml-1) were around half that of 

Expt. 2 and 3. Final concentrations were between 1.0 – 1.4 × 106, 0.8 – 1.4 ×105 and 

0.7 – 1.9 ×105 cells ml-1 in Expt. 1, 2 and 3 respectively (Fig. 5.3, Chapter 5).  

2.3.2 Grazing 

Microzooplankton grazing rates on both phytoplankton and bacteria at the start of the 

three minicosm incubations were generally negligible, statistically insignificant and 

are not presented. At the end of Expt. 1 (14d incubation), grazing experiments 
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performed on communities from the four light treatments produced only two 

significant results for phytoplankton growth an herbivory. In contrast, with only one 

exception, grazing experiments performed on all treatments at the end of Expt. 2 and 

3 resulted in significant regressions for rates of growth and grazing mortality (Tables 

2.3 & 2.4).  

Protozoan grazing consumed much of the phytoplankton production (PP) in Expt. 2, 

while losses of bacterial production (BP) from grazing were more variable. In 

contrast, rates of bacterial grazing mortality in Expt. 3 differed little between 

treatments, but rates of phytoplankton grazing mortality and PP consumption varied 

more between treatments (Tables 2.3 & 2.4). 

Table 2.3 Rates of phytoplankton growth and grazing mortality d-1, and percentages of standing stock 
(SS) and primary production (PP) removed after incubation. The corrected grazing rate was used for 
interpretation, and was calculated using the GMPD correction.  The uncorrected rates were used to 
calculate the %SS and %PP, in order to avoid removing the influence of grazer growth in these 
calculations, which is needed to calculate gross percentages. 

 

  
 

Phytoplankton             

Expt. Treatment Grazing 
Corrected 
Grazing Growth 

 SS 
grazed 

PP 
grazed GMPD 

1 PAR             
  PAR+UVA 0.242 0.205 2.15 21 24 1.18 
  PAR+Low-UVB 0.36 0.350 0.94 30 50 1.03 
  PAR+High-UVB             
2 PAR 0.585 0.546 0.766 44 83 1.07 
  PAR+UVA 0.678 0.598 0.942 49 81 1.13 
  PAR+Low-UVB 0.535 0.489 0.705 41 82 1.09 
  PAR+High-UVB 0.515 0.508 0.648 40 84 1.01 
3 PAR 0.48 0.482 0.729 38 74 1.00 
  PAR+UVA         1.33 
  PAR+Low-UVB 0.705 0.679 0.79 51 93 1.04 
  PAR+High-UVB 0.497 0.475 0.875 39 67 1.05 

 

 

2.3.3 Grazing on Phytoplankton 

Only two treatments produced significant phytoplankton regressions during Expt. 1, 

with GMPD-corrected grazing rates of 0.205 and 0.35 d-1 matched by growth rates of 

2.15 and 0.94 d-1 for the PAR+UVA and PAR+UVA+L-UVB treatments respectively 

(Table 2.3). Growth in the PAR+UVA treatment (2.15d-1) was unusually high. 
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Grazing consumed 21-30% of phytoplankton standing stock (SS) in these two 

treatments, while 24-50% of PP was consumed (Table 2.3). Reasons for the failure of 

two of the grazing experiments (PAR and PAR+H-UVB) in Expt. 1 are explored in 

section 2.4.2 of the discussion in this chapter.  

Table 2.4 Rates of bacterial growth and grazing mortality d-1, and percentage standing stock and 
bacterial production (BP) removed after incubation. The corrected grazing rate was used for 
interpretation, and was calculated using the GMPD correction.  The uncorrected rates were used to 
calculate the %SS and %PP, in order to avoid removing the influence of grazer growth in these 
calculations, which is needed to calculate gross percentages. 

 

  Bacteria             

Expt. Treatment Grazing 
Corrected 
Grazing Growth 

%SS 
Graz. 

%BP 
Graz. GMPD 

1 PAR             
  PAR+UVA          1.18 
  PAR+Low-UVB          1.03 
  PAR+High-UVB             
2 PAR 0.470 0.439 0.925 38 62 1.07 
  PAR+UVA 0.913 0.805 1.01 60 94 1.13 
  PAR+Low-UVB 0.289 0.264 0.681 25 51 1.09 
  PAR+High-UVB 0.847 0.836 1.03 57 89 1.01 
3 PAR 0.479 0.481 1.15 38 56 1.00 
  PAR+UVA 0.667 0.501 1.37 49 65 1.33 
  PAR+Low-UVB 0.399 0.384 1.14 33 48 1.04 
  PAR+High-UVB 0.431 0.412 1.35 35 47 1.05 

 

Phytoplankton growth rates were generally between 0.648 and 0.766 d-1 after 14d 

incubation in Expt. 2. Microzooplankton grazing rates were largely similar between 

treatments, ranging from 0.489 – 0.546 d-1. However, the PAR+UVA treatment 

displayed higher rates of phytoplankton growth (0.942 d-1) and grazing mortality 

(0.598 d-1) (Table 2.3). Microzooplankton grazing consumed around 81 - 84% of PP 

and 40-49% of the phytoplankton SS (Table 2.3).  

Loss of PP and phytoplankton SS due to grazing was less consistent between 

treatments during Expt. 3. Furthermore, the PAR+UVA treatment did not produce 

statistically significant rates. Grazing rates ranged from 0.475 to 0.679 d-1, accounting 

for 67-93% of PP, and 38 - 51% of the SS. Phytoplankton growth was similar 

between light treatments, ranging from 0.729 to 0.875 d-1 (Table 2.3).  



 36

2.3.4 Grazing on Bacteria 

No regressions were statistically significant for rates of bacterial growth and grazing 

mortality during Expt. 1, and reasons for the failure of these bacterial regressions are 

discussed in section 2.4.3 of the discussion. Bacterial growth rates from Expt. 2 were 

close to 1.0 d-1, except for the PAR+UVA+L-UVB, at 0.681 d-1. Grazing on bacteria 

varied between treatments, ranging from 0.264 to 0.836 d-1. Microzooplankton grazed 

51 – 94% of bacterial production (BP) and 25-60% of bacterial SS (Table 2.4). 

All treatments at the end of Expt. 3 had statistically significant rates of bacterivory 

and bacterial growth. Bacterial growth rates ranged from 1.14 to 1.37 d-1, while rates 

of grazing mortality ranged from 0.384 to 0.501 d-1. Grazing accounted for 33 - 49% 

of bacterial SS, and comprised 47 - 65% of BP (Table 2.4).  

2.3.5 Sulfur Production and Consumption  

Significant regressions for phytoplankton and bacteria did not necessarily result in 

significant regressions within treatments for DMS and DMSP (Tables 2.3, 2.4 & 2.5). 

All treatments in Expt. 1 had significant regressions for DMSPp, despite having only 

two light treatments with significant rates of phytoplankton or bacterial growth and 

mortality rates calculated. All DMSPp regressions were significant in Expt. 1, and 

rates of production (2-7 nM d-1) and losses (2-6 nM d-1) were similar. Thus, around 

100% of DMSPp production and 90-100% of DMSPp SS was consumed per day in 

all treatments. The DMS rates calculated were negative in one instance 

(PAR+UVA+L-UVB) and only marginally significant in another (PAR+UVA+H-

UVB) and only three marginally significant regressions were calculated using DMS 

concentrations throughout the minicosm experiments. Thus DMS was not considered 

further in terms of production and consumption rates. The 0.1 fraction replicates for 

DMSPd in Expt. 1 were widely scattered, in contrast to the other three fractions. This 

may have been due to problems with filtration, such as a clogged cartridge filter 

resulting in release of DMSPd into the diluent from damaged cells. An attempt was 

made to detect significant regressions with the remaining three dilution fractions, 

however this was not successful, and DMSPd regressions for Expt. 1 have not been 

considered further (Table 2.5). Problems with filtration in these experiments may also 

have affected the success of the DMS regressions. 
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Table 2.5 DMS and DMSP production and consumption rates (nM d-1) in the three minicosm 
experiments. Italics indicate DMS data that was not considered further. 

 

    DMS   DMSPd   DMSPp   
Expt. Treatment Cons. Prod.  Cons. Prod.  Cons. Prod.  

1 PAR         4.26 2.98 
  PAR+UVA         5.88 6.9 
  PAR+Low-UVB -2.47 -2.25     2.77 2.38 
  PAR+High-UVB 5.05 2.11     2.8 3.88 
2 PAR -3.47 -2.57     4.08 4.31 
  PAR+UVA     0.688 1.01 5.25 5.24 
  PAR+Low-UVB     0.599 0.883 3.11 3 
  PAR+High-UVB     0.449 0.706 4.7 3.06 
3 PAR         0.851 0.673 
  PAR+UVA             
  PAR+Low-UVB             
  PAR+High-UVB             

 

 

Table 2.6 DMS and DMSP percentage SS and sulfur production (SP) consumed after incubation in 
each minicosm experiment. Italics indicate DMS data that was not considered further. 

    DMS   DMSPd   DMSPp   

Expt. Treatment 
%SS 
cons. 

%SP 
cons. 

%SS 
cons. 

%SP 
cons. 

%SS 
cons. 

%SP 
cons. 

1 PAR         99 104 
  PAR+UVA         100 100 
  PAR+Low-UVB -1082 128     94 103 
  PAR+High-UVB 99 113     94 96 
2 PAR -3114 258     98 100 
  PAR+UVA     50 78 99 100 
  PAR+Low-UVB     45 77 96 101 
  PAR+High-UVB     36 71 99 104 
3 PAR         57 117 
  PAR+UVA             
  PAR+Low-UVB             
  PAR+High-UVB             

 

 

In Expt. 2, all except for the PAR-exposed treatment had significant production and 

consumption rates for DMSPp and DMSPd (Table 2.6). For DMSPp, 100-104% of 
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production was consumed in all treatments, while 96-99% of the DMSPp SS was 

turned over each day. In contrast, 70-80% of DMSPd production and 35-50% of 

DMSPd SS was consumed each day. Consumption and production rates calculated for 

DMSPp in Expt. 2 were similar to rates in Expt. 1, ranging from 3-6 nM d-1. DMSPd 

production rates ranged between 0.7 and 1.0 nM d-1, while consumption varied 

between 0.4 and 0.7 nM d-1.  

At the end of Expt. 3, the only significantly linear DMSPp regression was for the 

PAR-exposed treatment (Table 2.5). Low rates of 0.851 nM d-1 for consumption and 

0.673 nM d-1 for production occurred. DMSPp production turned over per day was 

117%, yet only 57% of the standing stock of DMSPp was consumed by grazers.       

2.3.6 Statistical Analyses 

Identification of relationships between the growth, grazing, production and 

consumption rates calculated for each treatment was attempted by regressing the 

dependent variables (DMS, DMSPd and DMSPp production and consumption rates) 

against the independent variables (phytoplankton and bacterial growth, grazing rates 

and cumulative UV dose). The only statistically significant relationship identified was 

an increase in DMSPd production and consumption with increasing cumulative UV 

dose (data not shown). However, with only three data points, this regression was 

based on one degree of freedom (df). No other correlations were identified, probably 

because of the extensive data processing required to obtain individual rates of growth, 

grazing, production and consumption. Thus, the discussion concentrates on the 

individual rates calculated. 

2.4 DISCUSSION 

Heterotrophic grazing pressure and biogenic sulfur production and consumption were 

examined in response to UVR exposure. In addition, we tested the dilution technique 

across a range of grazing pressures and community types. We also tested the utility of 

the dilution technique for estimating growth and grazing mortality in conjunction with 

DMSP production and consumption processes. 

2.4.1 Validation of Calculations and Methods 

The dilution technique relies on a number of assumptions. First, growth of individual 

prey is not affected by the induced reduction in prey density. Second, the probability 

of a prey cell being consumed is in direct proportion to encounter rate, thus the 



 39

grazing rate is linearly related to prey density. Third, phytoplankton density over time 

is represented by; 

 Pt = Po e(k-g)t 

where population size at any time is related exponentially to population growth (k), 

minus grazing mortality (g).  Fourth, prey growth should not be nutrient limited 

(Landry & Hassett, 1982; Gallegos, 1989; Evans & Paranjape, 1992; Landry, 1993). 

A number of factors can influence these assumptions (Froneman & Perissinotto, 1996; 

Adrian et al., 2001; Archer et al., 2001). Grazer feeding rates can become saturated in 

high production systems (Gallegos & Vant, 1996). In addition, failure to correct for 

grazer growth can lead to under- and over-estimation of grazing rates (Dolan et al., 

2000; Dolan & McKeon, 2005). Low grazing rates may also be under-estimated or not 

detected (non-significant) using regression analysis, as low n values are used in 

dilution grazing experiments (e.g. n=12 here) (Dolan & McKeon, 2005).   

Previous authors have recommended two corrections to account for error in the 

original grazing dilution method. The first correction is the inclusion of a very high 

dilution when feeding rate saturation is a factor, to promote linearity in coastal or 

eutrophic systems (Gallegos & Vant, 1996; Landry, 1993). The second correction is 

the division of the grazing rate (slope) by the relative geometric mean predator density 

(GMPD), to correct for exponential growth of grazers (Gallegos, 1989; Gallegos et al, 

1996; Safi et al, 2002). Here, we have used the GMPD correction, but have not 

included the high dilution, as ambient phytoplankton concentrations were not thought 

high enough to saturate feeding rates. The Chl a concentrations measured by the end 

of Expt. 2 and 3 were higher than the 3 µgl-1 normally recommended as the limit for 

grazing experiments in natural waters (Gallegos & Vant, 1996). However, the 2-week 

incubation period provided time for the heterotrophic community to also increase. The 

absence of any deviation from linearity in the low dilutions confirms that saturation of 

grazer feeding rates was not a significant factor in our study (e.g. Fig. 2.4).   

The dilution technique has rarely been used to calculate bacterial production and 

grazing mortality (Campbell & Carpenter, 1986; Ducklow & Hill, 1985; Landry et al., 

1984). Yet for some natural communities, dilution experiments can be the simplest 

approach to estimating rates of bacterial growth and mortality (Landry et al, 1984). 

Other common approaches include selective inhibition with metabolic inhibitors (eg, 
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antibiotics or dimethyl disulfide), or measuring thymidine uptake (Campbell & 

Carpenter, 1986; Sherr et al, 1986; Scarratt et al, 2000; Archer et al, 2001). Since the 

nature and concentration of organic substrates largely determines bacterial growth 

(Servais et al, 1999; Azam, 1998), the filtered water fraction in dilution experiments 

can increase substrate levels and artificially promote bacterial production in higher 

dilutions (Landry, 1994; Dolan & McKeon, 2005). However, an artificial increase in 

substrate levels would be likely to result in non-linearity, as such contamination would 

enhance bacterial growth at high dilutions. However, the experiments described here 

did not show evidence of non-linearity, and the number of successful regressions was 

comparative to those of the Chl a regressions. Other studies have successfully 

employed the grazing dilution method to estimate rates of bacterial growth and 

grazing (Tremaine & Mills, 1987; Anderson & Rivkin, 2001; Jacquet et al., 2005). 

The dilution technique also avoids the inhibition of non-target populations, which can 

occur using metabolic inhibitors (DeLorenzo et al., 2001; Chapter 3).  

Grazing experiment start times were staggered throughout the day in this study to 

maintain fast sample turnover and storage. This was not expected to result in diurnal 

changes. Safi et al, (2002), found no significant changes to population structure in 

seawater collected up to 5 h prior to dilution.  

2.4.2 Phytoplankton Production and Heterotrophic Grazing 

Protozoa were rare in Expt. 1 after 14d incubation (Thomson et al., 2008, and see 

section 7.1, Appendix for cell counts), and the lack of grazers resulted in slight slopes 

and predominantly non-significant regressions. Poor sensitivity of the dilution 

technique in production-based communities is a frequent problem (Dolan & McKeon, 

2005). The few large heterotrophic dinoflagellates present failed to produce a 

significant grazing effect (see section 7.1, Appendix), as Chl a was still increasing 

exponentially (Fig. 5.2a, Chapter 5).  

The phytoplankton growth rate of 2.15 d-1 for the PAR+UVA treatment of Expt. 1 

seems unusually high. However, values of up to 1.87 d-1 have been reported as 

reasonable for Antarctic waters (Froneman & Perissinoto, 1995). Furthermore, Rose 

& Caron, (2007) reviewed the literature, and found that while reduced temperatures 

substantially reduced herbivorous and bactivorous growth rates, temperature had a 

much lesser effect on phytoplankton growth rates, perhaps helping to explain the 
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extensive blooms observed at high latitudes. In addition, the region around Davis 

Station is known to support high productivity as a result of high nutrient 

concentrations. Studies such as that of Archer et al., (1996) have shown that 

abundances of autotrophs, heterotrophs and bacteria associated with the summer sea 

ice communities around Davis can be significantly higher (in some cases by an order 

of magnitude) than elsewhere in Antarctica, such as McMurdo Sound and the 

Weddell Sea. While we pumped water from beneath the sea ice, the sea ice 

community would likely have significantly influenced the community we incubated 

for Expt. 1. Furthermore, replicates for this experiment were in close agreement, 

suggesting the figure calculated may well be real. A high growth rate may well have 

resulted from the uncontrolled nature of the ‘bloom’ that was occurring, as there was 

little top-down control. The phytoplankton growth rate for the PAR+UVA+L-UVB 

treatment was also significant and high (0.94 d-1), yet few differences were observed 

between either protozoan or phytoplankton assemblages and concentrations in these 

two treatments. Some studies have suggested that UVR exposure during long-term 

incubations often promotes algal growth. Any initial suppression can be halted or 

reversed as inhibition to other trophic levels, particularly grazers, results in increased 

algal growth (Bothwell et al., 1994; Cabrera et al., 1997).   

Higher losses of phytoplankton PP than SS were observed in the PAR+UVA+L-UVB 

treatment in Expt.1, while PP and SS losses were similar in the PAR+UVA treatment 

(Table 2.4). Thus, net phytoplankton biomass was increasing over time due to the 

high growth rates not being accounted for by grazing. As grazing rates were low, 

phytoplankton SS was increasing over time.  

Significant regressions in Expt. 2 resulted from grazer concentrations (predominantly 

dinoflagellates) being around an order of magnitude higher than in Expt. 1 after 13d. 

In addition, phytoplankton and protozoan growth rates were enhanced in the 

PAR+UVA treatment. Similar to previous studies, protozoa appeared to respond 

rapidly to UV-induced changes in food density (Wangberg et al., 2001; Chatila et al., 

1999; Jurgens & DeMott, 1995), and phytoplankton growth appears to have been 

enhanced in the PAR+UVA treatment. Protozoan growth did not appear to be directly 

affected by UVR, as grazing rates were similar to phytoplankton growth rates in each 

treatment after 14d, indicating protozoan feeding rates were not saturated and rapidly 

responded to prey density.  



 46

a recommended method for partitioning DMSP. While some over-estimation of 

DMSPd and subsequent under-estimation of DMSPp concentrations was likely, all 

values were measured in triplicate, and the reasonable agreement seen between 

triplicates suggests that random filtration artefacts were minimal. In addition, data 

obtained from segregating DMSPt into DMSPp and DMSPd greatly enhanced the 

understanding of the microbial production and cycling of this compound, despite the 

potential for error. 

Production and consumption rates of DMSPp were calculated using the same 

calculations used for the grazing regressions. However, treatments which produced 

significant phytoplankton and bacterial regressions did not generally produce 

significant DMS and DMSP regressions. Only three significant regressions for DMS 

occurred across all three experiments. However, two of these regressions had positive 

slopes, while one was negative. These results are not discussed, as our methods were 

generally incapable of resolving DMS production and consumption rates given the 

low initial concentrations present. Furthermore, low background DMS concentrations 

remained in the diluent water despite the purging and aging of the filtrate to minimise 

this contamination, and this may have adversely affected results.  

Expt. 1 was characterised by few grazers, yet significant rates of DMSPp production 

and consumption were observed. The high consumption rates of DMSPp production 

and SS were remarkable (90-100%), given only low or non-significant rates of 

grazing on phytoplankton. It is unlikely that the rapid consumption of the DMSPp was 

due to senescence, as the phytoplankton community maintained exponential growth. 

Other sources and sinks for DMSPp may have affected the high DMSPp consumption 

rates observed. These factors could include enzymatic cleavage by DMSP-lyase, 

release to solution of DMSP and subsequent use as a growth substrate by bacteria or 

uptake of leaked DMSP as an osmotic solute (Wolfe, 1996; Zubkov et al., 2001). 

However, the collaborative microbial data suggest this was unlikely. While both 

production and consumption rates of DMSPp were close to 100% per day, our results 

indicate this was not due to herbivory. Bacterial concentrations were increasing, and 

were not controlled by grazing. Thus, the most likely route was production and 

subsequent conversion of DMSP intracellularly during free radical scavenging by 

stressed phytoplankton (Sunda et al., 2002). It is likely that DMSPp that was not 

consumed and converted during the radical scavenging process was released to 
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solution and rapidly consumed by bacteria or other phytoplankton. Assimilation of 

DMSP by low-DMSP producers may also have been a factor, with some 

phytoplankton utilizing DMSP released by high-DMSP producers, potentially 

returning DMSPd to the particulate fraction (Vila-Costa et al., 2006).  

DMS is thought to be a minor product of DMSP consumption by bacteria, and any 

production occurring via bacterial consumption is heavily dependent on community 

composition (Visscher et al., 1992; Simo et al., 2000). Matrai & Keller (1994) noted 

significant consumption of DMSP in cultures of DMSP-producing phytoplankton 

which had been inoculated with marine bacteria. These authors also noted DMSP 

leakage from phytoplankton cells, and suggested it was a significant sink for DMSPp 

in cultures during late stationary phase. The capacity to assimilate DMSP is probably 

widespread across bacterial phylogenetic groups, as DMSP could provide >90% of 

bacterial sulfur demand (Kiene & Linn, 2000a). However, only the Roseobacter clade 

can both assimilate DMSP and form DMS (Gonzalez, 1999; Gonzalez et al., 2000). 

Substantial increases in bacterial concentrations were observed across all treatments 

in Expt. 1, together with low DMS concentrations by the end of the minicosm 

incubation period. Thus, while it is likely there were bacteria present which both 

produced and consumed DMS and consumed DMSP, there was no net production of 

DMS from the degradation of DMSP. 

Production and consumption rates of DMSPp were similar between treatments in 

Expt. 2 and losses of DMSPp production and standing stocks were also substantial 

(Tables 2.5 and 2.6). Furthermore, rates of both DMSPp production and consumption 

were remarkably similar to those of Expt. 1. While the species assemblages in Expt. 2 

were similar to Expt. 1, grazing rates were too low to be detected during Expt. 1. As 

the dilution technique lacks sensitivity at low grazing rates (Dolan & McKeon, 2005), 

this was probably due to the low grazer abundances that occurred in Expt. 1 

(Appendix 7). As a result, it is likely the DMSPp consumption rates measured were a 

result of intracellular DMSP consumption as an anti-oxidant. In contrast, after 13d of 

exponential growth by the phytoplankton community in Expt. 2 (see Fig. 5.2b) the 

grazing rates measured suggest the heterotrophic community was beginning to 

respond to the abundance of food present. While, DMSPp consumption rates were 

similar to those measured in Expt. 1, there was less evidence of DMSP production as 

an anti-oxidant. Thus, the DMSPp consumption rates measured in Expt. 2 were likely 
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to have resulted, at least in part from higher rates of heterotrophic grazing, despite the 

fact that grazing appeared to have made little effect on phytoplankton concentrations 

up until this point. If there had been more sample points between days 7 and 13, an 

effect of grazing beginning to constrain phytoplankton growth may have been 

observed in the Chl a concentrations. 

After 13d incubation, only 19-28% of DMSPp production was converted to DMSPd 

in Expt. 2. Around 80-90% of DMSP was in the dissolved phase in all treatments 

(Chapter 5). A low proportion of DMSPd SS was consumed each day in comparison 

to DMSPp (36-50%), and this was probably due to the proportion of dissolved to 

particulate phase DMSP increasing as the incubation progressed. However, it is 

intriguing that DMSPp turnover was so high in comparison to the dissolved fraction. 

Most studies either assume that the dissolved pool is more open to bacterial or other 

degradation, or do not differentiate between the dissolved and particulate fractions 

(see Gonzalez, 2000; Simo et al., 2000). Here, DMSPp was produced rapidly and in 

large quantities, and at slightly lower rates consumed. As temperature and salinity 

were maintained around ambient in all experiments, it is not likely that DMSP was 

synthesised in large quantities for cryoprotection or osmoregulation. This suggests 

that DMSPp was produced to relieve oxidant stress, and converted to another form 

(hence the rapid consumption) during oxidant scavenging. While other explanations 

may also be possible, further evidence for oxidative stress is given in Chapter 5, 

where the actual net concentrations at each sampling point are detailed. 

Sulfur production and consumption rates after 13d incubation could not be calculated 

in Expt. 3. Although bacterial concentrations decreased between 4 and 14d (see Fig. 

5.3c, Chapter 5), it is likely that concentrations reached a minimum between 7 and 

14d. By 14d bacterial growth rates were very high, yet rates of grazing on bacteria 

were still low, thus concentrations of bacteria were probably increasing due to 

senescence of the phytoplankton (Appendix 8).  

The high DMSPp turnover rates in the first two experiments indicated that the 

concentrations of DMSPp measured directly during these minicosms were only a 

fraction of the total production (Fig. 5.4 and 5.5, Chapter 5). In Expt. 2, DMSPp had 

higher turnover rates than DMSPd. Furthermore, DMS concentrations during the 

incubations remained low and turnover rates could not be calculated. While DMSP 
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production and turnover was high, this was not necessarily translated into increased 

concentrations of DMS.  

2.4.5 Photochemical Loss and Conversion  

Photochemical loss of DMS was not measured during the minicosm incubations. 

Calculating photo-oxidative and photolytic loss would have required an extra 

treatment for each existing biological one, and was not logistically possible. However, 

photochemical loss is often neglected when calculating sulfur production in biological 

studies. Brimblecombe & Shooter (1986) found that DMS was readily photo-oxidised 

in the presence of photosensitizers such as humic acid. Kieber et al., (1996) noted 

appreciable loss of DMS via photolysis within 380-460nm, while Toole et al., 2006, 

found that rates of DMS photolysis in nitrate-rich Antarctic waters exposed to full 

sunlight can be greater than those of biological consumption. Photolysis may have 

been a significant factor in these experiments (Kieber et al., 1996; Uher et al., 2000).  

2.5 CONCLUSIONS 

Most of the phytoplankton growth and grazing regressions were significant from the 

minicosm treatments. Failure of the technique in Expt. 1 was primarily due to low 

grazer abundances. The dilution technique is rarely used to measure bacterial growth 

rates and bacterivory. Recently, Dolan & McKeon (2005) have suggested that dilution 

experiments not be used for determining bacterial growth and grazing rates. However, 

like other studies (e.g. Tremaine & Mills, 1987) the dilution technique was reasonably 

successful, with significant rates calculated for every treatment in Expt. 2 and 3. The 

lack of significant regressions from Expt. 1 indicates that the technique is robust 

provided grazing is consuming a significant proportion of production, as suggested by 

Dolan & McKeon, (2005).  

Calculating DMSP production and consumption rates using the dilution technique 

also showed some success and provided valuable insights into the dynamics of the 

sulfur compounds, particularly the DMSPp fraction. The DMSP dynamics were 

characterised by very high consumption and production rates, resulting in relatively 

small standing stocks. Adapting the method in this manner is recommended in studies 

where high turnover rates are expected, as it provides far more information on DMSP 

cycling than direct spot sampling of concentrations alone. 
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CHAPTER THREE – Using photosynthetic inhibitors in 
grazing experiments to measure DMS and DMSP 
production by phytoplankton after UVB exposure 

3.1 INTRODUCTION 

Phytoplankton synthesis of DMSP is believed to be the sole precursor of DMS in 

seawater (Matrai & Keller, 1994; Trevena et al., 2005). DMSP may be produced as an 

osmolyte, cryoprotectant and antioxidant (Dickson & Kirst, 1987; Stefels & van Boekel, 

1993; Sunda et al., 2002; Trevena et al., 2005). Only a few phytoplankton groups produce 

DMSP in significant quantities. As a result, Chl a concentrations rarely correlate with 

DMSP or DMS concentrations (Matrai & Keller, 1994).  

The cleavage of intra- or extracellular DMSP produces DMS and acrylic acid; both 

compounds may function as a chemical deterrent against bacteria and protozoan grazing 

(Seiburth, 1961; Davidson & Marchant, 1987; Yang et al., 1994; Wolfe et al., 2000).  

Microbial community structure and function mediates DMS concentrations prior to 

atmospheric ventilation. When estimating flux of DMS to the atmosphere, it is important 

to recognise and quantify the different microbial processes that affect its speciation and 

concentrations. As microzooplankton grazing generally consumes the bulk of primary 

and bacterial production in the ocean (Landry & Calbet, 2004), grazing on phytoplankton 

has been recognised as an important process governing release of DMSP to the dissolved 

phase (Sherr & Sherr, 1994; Malin & Kirst, 1997; Nagata, 2000; Strom, 2000). Thus, it is 

vital to develop methods to quantify microzooplankton turnover of DMSP to DMS. 

The dilution technique of Landry & Hassett (1982) is a robust method of estimating 

growth and grazing mortality rates of phytoplankton in systems where grazers exert a 

significant top-down control, and therefore a significant proportion of production is 

removed by grazing (Gallegos et al., 1996; Dolan & McKeon, 2005). Furthermore, it 

avoids fractionation, or manual removal of portions of the microbial community.  

We used the dilution technique and a photosynthetic inhibitor, DCMU [3-(3, 4-

dichlorophenyl)-1,1dimethylurea], to estimate the grazing contribution to DMS and 

DMSP production. Metabolic inhibitors are a valuable tool for uncoupling selected 
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components of phytoplankton and/or aquatic microbial communities (DeLorenzo et al., 

2001; Al-Horani et al., 2005; Gaevsky et al., 2005). As metabolic inhibition requires 

minimal manipulation of the community, it is an ideal approach in combination with 

grazing experiments for the incubated wild populations used in this study, as excessive 

handling results in cell damage and release to solution of the compounds of interest. 

DCMU has been used previously as a metabolic inhibitor in natural communities (De 

Lorenzo et al, 2001). It is a commercial herbicide that stops electron transfer within 

Photosystem II (PS II) (Trebst & Draber, 1986; DeLorenzo et al., 2001; Jones et al., 

2003). PS II is a multi-protein pigment complex that catalyzes photosynthetic electron 

transport. It is highly susceptible to environmental stresses including chemical pollutants, 

herbicides and UVR (Aro et al., 1993; Babu et al., 1999).  

Here, we exposed natural assemblages of Antarctic marine microbes to ambient solar 

radiation with variously attenuated UVR for 10d. We then determined growth and 

grazing mortality of phytoplankton and bacteria using the dilution technique and +/- 

DCMU to quantify grazer control of DMSP and DMS concentrations. 

3.2 METHODS 

This study was undertaken after 10d incubation of Expt. 3 at Davis Station, East 

Antarctica (68o 35’S, 77o 58’E), in January 2003. The microbial communities for Expt. 3 

were sourced from 60m offshore following the disappearance of sea-ice from Davis Bay. 

3.2.1 The minicosm system 

The minicosm system consisted of six, 650L polyethylene tanks housed in a refrigerated 

reefer container, four of which were used for this thesis (see section 3.2.1, Chapter 2). 

The difference between collection temperature and mean minicosm temperature during 

incubation was 0.97± 0.78, 1.32 ± 0.84, and 0.27 ± 0.38 °C for experiments 1, 2, and 3, 

respectively. Screens with differing solar radiation transmission properties were used to 

control the irradiance each tank received. Specific details of the incubation system, light 

treatments and ambient temperatures are given in Chapter 2. 

Two of the six light treatments were used in this experiment. A UV transmissive acrylic 

screen transmitted photosynthetically active, UVA and UVB radiation (PAR+UVA+H-
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UVB, 280-400nm, equivalent water depth 4.43m), while a mylar screen transmitted 

PAR+UVA only (320-700nm, equivalent water depth 9.43m).  

3.2.2 Grazing experiments 

The grazing experiments were run simultaneously. Two grazing experiments were run for 

each light treatment; one as a control, and one with DCMU. The dilution technique was 

used with recent modifications (see Gallegos, 1989; Gallegos et al., 1996; Safi et al., 

2002, Safi et al, (2007); Chapter 2). In brief, four dilution levels were prepared in 

triplicate 2.4 l polycarbonate bottles (100, 70, 40 and 10% unfiltered water) and 

incubated under diffuse PAR for 24h in the same re-circulating seawater tank as used in 

Chapter 2. For detailed methods see Chapter 2, section 2.2.4.  

DCMU powder is sparingly soluble. The DCMU was added to the bottles first, followed 

by the 0.2µm filtered seawater (if used), in order to achieve complete dissolution prior to 

contact with the microbial community. The unfiltered fraction was added directly to the 

grazing bottles from the relevant minicosm.  

The DCMU concentration required to maximally inhibit photosynthesis was 

experimentally determined using flow cytometry. Concentrations of DCMU were 

periodically added to a test community from the sample site, allowing time for 

autofluorescence at that concentration, and analysed for autofluorescence by flow 

cytometry. Gradually increasing concentrations were added until maximum chlorophyll 

autofluorescence was elicited - as electron transport within PSII was decoupled, the 

photosynthetic apparatus became less capable of absorbing light, and the phytoplankton 

auto-fluorescence increased to a maximum, which occurred at 20µM. This was also the 

concentration used by DeLorenzo et al., (2001).  

3.2.3 Flow cytometry 

Flow cytometry (Becton Dickinson FACscan) was used to determine concentrations of 

total and active bacteria. SYTO13 was used to determine total bacteria concentrations, 

while 6-carboxyfluorescene diacetate (6CFDA) was used to stain active bacteria. 6CFDA 

is used to stain cells with esterase activity (Yamaguchi et al., 1997). Specific stains and 

procedures for enumeration are given in Thomson et al., (2008) and Davidson et al. 
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(2004). Time constraints meant that only one sample per triplicate was taken for 

estimation of active bacteria concentrations. 

3.2.4 Sulfur analysis 

Samples for DMS and DMSP were pre-concentrated using cryogenic purge and trap prior 

to analysis by gas chromatography following Curran et al. (1998a). DMS and DMSP 

samples were stored according to Curran et al. (1998a) and Curran & Jones, (2000). 

Analysis was via a Varian 3400 gas chromatograph fitted with a flame photometric 

detector (FPD) and teflon Porapak Q™ packed column (Alltech). Further details of 

sample storage and preparation, instrument calibration, gas flow rates, and errors 

associated with the method are detailed in Curran et al., (1998a), Curran & Jones, (2000) 

and Chapter 2.  

3.2.5 Data analysis 

Rates of growth and grazing on phytoplankton, total and active bacteria were calculated 

using linear regression analysis of the change in Chl a, total or active bacteria 

concentrations after 24h, and were accepted under 95% confidence limits (Landry & 

Hassett, 1982; Safi et al., 2002). The negative slope of the regression corresponded to the 

grazing rate, while the y-intercept corresponded to phytoplankton or bacterial growth. 

The rates calculated were corrected using the relative geometric mean predator density 

(GMPD) correction of Gallegos, (1989). Full details of calculations and method 

validation are in Gallegos (1989), Gallegos et al., (1996), and Chapter 2. 

Net production/consumption rates for DMS and DMSP were calculated using the method 

devised in Chapter 2. In brief, the change in sulfur concentration after incubation was 

regressed against dilution to calculate rates of production (y-intercept) and consumption 

(negative slope). A similar approach was used by Archer et al. (2000), however these 

authors normalised DMS and DMSP concentrations to the mean Chl a concentrations. 

DMS and DMSP are not commonly correlated with Chl a due to factors such as species-

specific differences in rates of DMSP synthesis (Kwint & Kramer, 1995; Wolfe et al., 

2000). In these experiments, it was decided that given the variable reactions of different 

phytoplankton groups to the light exposures (e.g. strong growth of Phaeocystis, an 

important DMSP producer) normalizing DMS and DMSP to Chl a concentrations would 
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lead to results biased toward particular groups, and resultant misinterpretation. As we 

found that DMS and DMSP concentrations were generally unrelated to Chl a in the 

minicosm experiments (see Chapter 5), DMS and DMSP concentrations were not 

normalised to Chl a when calculating rates of production and consumption. 

3.3 RESULTS 

The initial Chl a concentration for the PAR+UVA+H-UVB experiment had to be 

estimated as the sample was lost. After 24h incubation, the undiluted bottles in the 

control experiment for the PAR+UVA+H-UVB treatment had an average Chl a 

concentration of 12.85 µgl-1 (n = 3, SE = 0.030) corresponding to day 11 of the minicosm 

experiment. A third order polynomial regression was fitted to the Chl a concentrations 

measured throughout Expt. 3 (see Chapter 5), resulting in a highly significant relationship 

(p = 0.001) (Fig. 3.1). The missing 10d Chl a concentration calculated using the equation 

was 12.29 µg l-1. This estimation affects the y-intercept only (phytoplankton growth). A 

change of ±1.0 µg l-1 of the Chl a estimate (12.29 µg l-1) was used to calculate how much 

the y-intercept would vary either side of the calculated value. It was found that the 

growth rate (y-intercept) remained between 0.700 and 0.800 d-1 – an inconsequential 

difference for interpretation from the calculated value of 0.758 d-1. 
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Figure 3.1 Polynomial curve fitted to Chl a data (PAR+UVA+H-UVB treatment) of the third minicosm 
experiment. The Chl a concentration on day 11 was calculated from the grazing dilution experiments using 
the average of the three undiluted treatments without DCMU addition. 
 

3.3.1 Phytoplankton growth and grazing mortality 

Rates of phytoplankton growth and grazing mortality were significant in the grazing 

experiments without DCMU. Phytoplankton growth rates of 0.395d-1 and 0.758d-1 were 

observed in the PAR+UVA and PAR+UVA+H-UVB treatments respectively. Rates of 

grazing on phytoplankton were 0.415d-1 and 0.747d-1 for the PAR+UVA and 

PAR+UVA+H-UVB treatments respectively (Table 3.1). Rates of phytoplankton 

standing stock (SS) grazed were 34% per day in the PAR+UVA treatment, compared to 

53% in the PAR+UVA+H-UVB treatment. Loss of phytoplankton production (PP) was 

around 100% in both treatments (Table 3.1). 
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Table 3.1 Rates of phytoplankton growth and grazing mortality per day, and production and standing stock 
grazed per day from significant regressions of the grazing experiments. 
 

Phytoplankton Growth Grazing %PP grazed %SS grazed 
PAR+UVA 0.395 0.415 104% 34% 
PAR+UVA + DCMU       
PAR+UVA+H-UVB 0.758 0.747 99% 53% 
PAR+UVA+H-UVB + DCMU         

 

Rates of phytoplankton growth and grazing mortality were not significant in the DCMU-

treated experiments. The increasing scatter amongst triplicate bottles at low dilutions was 

the main cause of non-linearity in the regressions, and may be due to saturation of 

grazing by high prey abundances in undiluted bottles (Fig. 3.2). When the undiluted 

fraction was removed from the regression, the r-value approached significance, and the 

growth rate tended to zero (data not shown). 
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Figure 3.2 Non-linearity in the DCMU-treated PAR+UVA grazing experiment.  
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3.3.2 Bacterial growth and grazing mortality 

Similar to the phytoplankton regressions, the bacterial regressions were significant only 

in the control experiments without DCMU added. Bacterial growth rates of 0.567d-1 and 

0.436d-1 and grazing mortality rates of 0.743d-1 and 0.94d-1 were calculated for the 

PAR+UVA and PAR+UVA+H-UVB treatments without DCMU respectively (Table 

3.2). For bacterial production (BP), 83% was consumed per day in the PAR+UVA 

treatment, in contrast to 58% per day in the PAR+UVA+H-UVB treatment. Bacterial SS 

lost was 43% and 35% per day in the PAR+UVA and PAR+UVA+H-UVB treatments 

respectively (Table 3.2 and Fig. 3.3).  

 

Table 3.2 Rates of bacterial growth and grazing mortality per day, and production and standing stock 
grazed per day from significant regressions of the grazing experiments. 
 

Bacteria Growth Grazing %BP grazed %SS grazed 
PAR+UVA 0.567 0.743 83% 43% 
PAR+UVA + DCMU       
PAR+UVA+H-UVB 0.436 0.94 58% 35% 
PAR+UVA+H-UVB + DCMU         

 

Scattered replicates resulting in non-significance in the experiments to which DCMU was 

added occurred mainly in the higher dilutions, in contrast to the phytoplankton 

regressions which displayed scatter in the lower dilutions. Furthermore, the non-

significant PAR+UVA treatment tended to a positive slope, and grazing appeared to 

decrease at higher dilutions (Fig. 3.4). The regressions for active bacteria were not 

significant. However, the small sample size for active bacteria (see section 2.2.3) required 

r-values of greater than 0.95 to achieve significance. 
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Figure 3.3 Bacterial grazing regression (PAR+UVA+H-UVB treatment, no DCMU). 
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Figure 3.4 Bacterial grazing regression (PAR+UVA treatment, with DCMU added). 
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3.3.3 DMS and DMSPd production and consumption 

Only three of the twelve DMS, DMSPd and DMSPp regressions were significant. 

Regressions of DMSPp were significant for both light treatments where DCMU was not 

added (Table 3.3 and example DMSPp regression Figure 3.5). Production rates were 0.36 

and 0.42 nM DMSPp d-1 while consumption rates were 0.30 and 0.34 nM DMSPp d-1 for 

the PAR+UVA and PAR+UVA+H-UVB treatments respectively (Table 3.3). No DMSPd 

regressions were significant.  

 

Table 3.3 Rates of DMSPp production and consumption (nM d-1), and production and standing stock losses 
from significant regressions of the grazing experiments.  
 

DMSPp Production Consumption 
Prod. 

consumed SS consumed 
PAR+UVA 0.36 0.30 86% 26% 
PAR+UVA + DCMU       
PAR+UVA+H-UVB 0.42 0.33 84% 29% 
PAR+UVA+H-UVB + DCMU         

 

The DCMU-treated DMS regression for the PAR+UVA+H-UVB treatment was 

significant. The positive slope corresponded to a greater production of, or less 

consumption of, DMS at low dilutions (Figure 3.6). The DCMU-treated DMSPp 

regression for the PAR+UVA+H-UVB treatment closely approached significance (data 

not shown). 

Loss rates of DMSPp SS and production were significant and similar between light 

treatments for the grazing experiments not treated with DCMU. Grazing consumed 26% 

of DMSPp SS and 86% of production in the PAR+UVA treatment, and 29% of SS and 

84% of production in the PAR+UVA+H-UVB treatment (Table 3.3). 
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Figure 3.5 DMSPp regression (PAR+UVA+H-UVB treatment, without DCMU). 
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Figure 3.6 DMS concentration regression (PAR+UVA+H-UVB treatment, with DCMU added). 
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3.4 DISCUSSION 

3.4.1 Growth and grazing mortality of phytoplankton 

Some studies have indicated that some UVB is essential to cellular processes (Smith et 

al., 1992). Here, the phytoplankton growth rate in the PAR+UVA+H-UVB treatment was 

92% higher than that of the PAR+UVA treatment (Table 3.1). As the grazing experiment 

bottles were exposed to PAR only in the incubation tank, the increased growth in the 

treatment exposed to UVB may have been due to different community and species-level 

acclimation to the UVB climate during the previous 10d incubation. Furthermore, Expt. 3 

was the only minicosm experiment in which the incubation extended beyond exponential 

phytoplankton growth. Chl a concentrations peaked around the time the grazing 

experiments were performed (Figure 3.1). At day 7, the PAR+UVA treatment had higher 

Chl a concentrations in this minicosm incubation (14.88 µg l-1 Chl a, see Fig. 5.2c, 

Chapter 5), and probably experienced greater nutrient depletion in comparison to the 

PAR+UVA+H-UVB treatment (8.00 µg l-1 Chl a). At day 10, the PAR+UVA treatment 

still had higher concentrations of Chl a (15.51 compared to the estimated value for the 

PAR+UVA+H-UVB treatment of 12.29 µg l-1). Growth and grazing mortality rates of 

phytoplankton within each treatment were very similar, but both were around 80-92% 

higher in the PAR+UVA+H-UVB treatment. Thus, grazers controlled phytoplankton 

production in both treatments.  

3.4.2 Non-linearity with DCMU addition - phytoplankton 

The dilution technique relies on a proportional and linear decrease in the encounter rate 

between predator and prey species with increasing dilution (Landry & Hassett, 1982). 

While non-linearity occurs for various reasons (see Chapter 2), in these experiments non-

linearity was not a problem in the controls and only occurred in the treatments to which 

DCMU was added, suggesting the DCMU addition may have been the cause. The non-

linearity in the DCMU treatments appeared as lowered rates of Chl a consumption than 

expected in the undiluted bottles. Regressions approached significant linearity when the 

0.1, 0.4 and 0.7 dilution fractions were regressed without the undiluted fraction. 

Furthermore, the y-intercept (growth rate) approached zero, as would be expected if 

photosynthesis was inhibited (data not shown). It seems likely that the higher encounter 
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rate/grazing effort in the undiluted bottles exposed the protozoa to inhibitive 

concentrations of DCMU that had been taken up by the phytoplankton they were 

ingesting. If DCMU was directly inhibitory to protozoa, the regressions constructed 

without the 1.0 fraction would also be non-linear, as all dilutions received the same 

concentration of DCMU. Thus, the inhibition appears to have occurred above a threshold 

ingestion rate. However, we cannot exclude the possibility that grazing was also partly 

inhibited in diluted bottles. In addition, the presence of mixotrophs may have resulted in a 

non-significant result, as organisms that may have been switching between autotrophy 

and heterotrophy were affected by the DCMU. 

De Lorenzo et al., (2001) noted some effect of DCMU on non-target populations, 

however DCMU is still commonly used as an autotrophic inhibitor. The DCMU 

concentration used (20µM) was the same as that used by De Lorenzo et al. (2001), but 

twice that of Gaevsky et al. (2005). However the fluorescence excitation method used to 

determine the appropriate concentration was similar to that of Gaevsky et al. (2005). 

Such toxic effects cast doubt on the use of DCMU in grazing experiments.  

3.4.3 Non-linearity with DCMU addition – bacteria 

Non-significance was also observed in the regressions of active bacterial growth, and this 

was most likely due to the reduced replication in these experiments compared to the full 

grazing experiments. Constraints regarding the extensive time needed to analyse active 

bacteria by flow cytometry meant that replicates at each dilution level were not 

performed, and the low number of data points (n = 4, df = 2, data not shown) resulted in 

the regressions not attaining significance. Non-significance in grazing experiments may 

also result from low grazing rates or the grazing being independent of dilution (Gallegos, 

1989). Bacterial substrate availability often depends on phytoplankton growth (Shiah & 

Ducklow, 1997). Substrates may have been more readily available in the PAR+UVA+H-

UVB treatment if phytoplankton death had increased due to UVB exposure. Bacterial 

susceptibility to UVB is largely dependent on nutritional status; nutrient replete 

conditions accelerate inhibition, but also enhance rates of recovery and repair (Davidson 

& van der Heijden, 1998; Davidson & Belbin, 2002).  
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Grazing regressions for total bacteria were also non-linear when DCMU was added. 

Higher rates of apparent bacterial growth in the 1.0 fraction and to a lesser extent the 0.7 

fraction produced non-linear regressions with slopes which tended toward positive (e.g. 

Fig. 3.4). This may have been due to either the toxic effect to grazers observed previously 

if bacteria contained higher concentrations of DCMU than their environment, a directly 

toxic effect to grazers resulting in reduced encounter rates and grazing pressure on 

bacteria in low dilutions, and/or saturation of grazer feeding rates as grazers became 

inhibited (Dolan & McKeon, 2005).  

3.4.4 Sulfur dynamics after bactivore inhibition 

Of the four grazing experiments conducted, only the PAR+UVA+H-UVB treatment with 

DCMU added produced a significant regression for DMS (Fig. 3.6, production and 

consumption rate data not shown). This contrasted with the phytoplankton and bacterial 

regressions, which were only significant when DCMU was not added. Our methods may 

have been largely incapable of resolving DMS production and consumption rates given 

the low initial concentrations present in Expt. 3. Background DMS concentrations 

remained in the diluent water (see Chapter 2). While these background concentrations 

were known and were used to calculate the initial DMS and DMSPd concentrations 

present in each grazing bottle, higher concentrations in the diluent compared to the 

community may have resulted in saturation of microbial consumption or production of 

these compounds, masking any changes. In addition, the regression had a positive slope. 

In phytoplankton and bacterial grazing experiments, a negative slope reflects the higher 

encounter rate between predator and prey species which reduces apparent prey growth at 

lower dilutions. The positive slope in the DMS regression may have resulted from 

increased consumption by bacteria at high dilutions, however this is unlikely as 0.2µm 

filtration would have diluted the bacteria to the same degree as other microbes. If grazers 

were inhibited after grazing on DCMU-affected prey at low dilution, grazing on bacteria 

may have decreased causing increased production of DMS by DMSP-consuming bacteria 

(Gonzalez et al., 1999). However, consumption of DMS by bacteria is thought to be an 

important DMS sink in seawater (Kwint & Kramer, 1995; Kiene et al., 1999). Generally, 

DMS production by bacteria is minor; the demethylation and demethiolation of DMSP is 
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thought to dominate (Visscher et al., 1992; Kiene et al., 1999). Here, more DMS was 

produced at low dilutions, despite the expectation that inhibition of protozoa by DCMU, 

and the resulting lack of top-down control on bacteria, would increase DMS 

consumption. It is therefore difficult to apply a variable to the y-intercept, as DMS is 

subject to so many interactions in seawater. As a result, the DMS regression was not used 

to estimate DMS production and consumption rates. 

DMSPp production was around 15% lower in the PAR+UVA than the PAR+UVA+H-

UVB grazing experiment. However, the phytoplankton growth rate in the PAR+UVA 

treatment was around half that of the PAR+UVA+H-UVB treatment, indicating greater 

production per unit Chl a. DMSP can be produced by phytoplankton under oxidative 

stress such as UVR (Sunda et al., 2002). However, if the stress becomes more than the 

cell can metabolically cope with, it is likely that DMSPp production could decline. The 

DMSP-producers in the PAR+UVA treatment may have been producing more DMSP per 

unit Chl a than those in the PAR+UVA+H-UVB treatment if they were more adversely 

affected by the light climate. This is supported by Thomson et al., (2008), who found a 

predominantly deleterious UVB effect on microbial groups during Expt. 3. Although 

phytoplankton growth was lower after 10d, the PAR+UVA treatment had the highest 

concentrations of Chl a after 7d incubation (Fig 5.2c, Chapter 5). 

DMSPd is produced during phytoplankton lysis, and would be expected to increase under 

oxidative stress or grazing. However, no DMSPd regressions were significant.  

3.5 CONCLUSIONS 

This study casts doubt on the use of DCMU as a photosynthetic inhibitor in grazing 

experiments, and raises important questions about its use in natural or semi-natural 

community studies. The dilution grazing technique is not normally used to estimate rates 

of bacterial growth and grazing mortality, and to the authors’ knowledge, never before 

with DCMU addition. The non-exclusive toxicity effects observed here may previously 

have gone unnoticed, as prior studies have not simultaneously calculated bacterial and 

phytoplankton growth and grazing mortality.  

Undesirable effects of metabolic inhibitors on non-target populations have been noted 

previously, however, they are still used (De Lorenzo et al. 2001; Geavsky et al. 2005). I 
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conclude that DCMU cannot be recommended as a specific phytoplankton inhibitor in 

dilution grazing experiments due to its apparent toxicity to protozoa. Furthermore, using 

DCMU in combination with the calculation of DMS and DMSPd production and loss 

rates was generally not successful. However, grazing experiments have been used in 

conjunction with estimates of sulfur production and consumption rates (eg Archer et al., 

2001a; Chapter 2 of this thesis). In conclusion, inhibition of specific populations in 

natural communities remains a potentially powerful tool in quantifying trophic controls 

on sulfur cycling, and efforts to identify effective inhibitors should continue. 
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CHAPTER FOUR – DMS and DMSP production in a 
marine microbial culture using metabolic inhibitors 

4.1 Introduction 

The production and consumption of DMS and DMSP in the ocean is mediated by the 

microbial community (Watson & Liss, 1998). This microbial mediation has been studied 

extensively using phytoplankton cultures, often using high DMSP-producing species such 

as Phaeocystis sp. and Emiliania huxleyi (Stefels & Dijkhuizen, 1996; van Rijssel & 

Buma, 2002). Other culture studies have examined differences in production between 

species, the activity of DMSP-lyase in phytoplankton (Matrai & Keller, 1994; Matrai et 

al., 1995; Stefels & Dijkhuizen, 1996), and DMSP production under stress (eg, osmotic, 

UVR, oxidative) (Dickson & Kirst, 1986; Slezak et al., 2001; Sunda et al., 2002; van 

Rijssel & Buma, 2002).  

Microbial mediation of DMS and DMSP production has been further examined using 

phytoplankton cultures with or without bacteria or grazers (eg, Wolfe & Steinke, 1996; 

Gonzalez et al., 1999). These studies, and similar studies using natural communities, have 

suggested that bacterial consumption of dissolved DMSP is likely to be dominated by 

only a few clades (Zubkov et al., 2001; Malmstrom et al., 2004). Furthermore, the 

presence of DMSP-lyase in some bacteria (see below) has confirmed that bacteria can 

cleave DMSP to DMS and other compounds. Some studies have suggested that bacterial 

degradation of DMSP may be one of the most important routes of DMS production 

(Ledyard & Dacey, 1996; van Duyl et al., 1998; Gonzalez et al., 1999; Niki et al., 2000). 

DMS is also removed via photochemical oxidation (Brimblecombe & Shooter, 1986; 

Kieber et al., 1996; Toole et al., 2004) and sea-air flux of DMS. However, other studies 

suggest bacterial consumption and oxidation dominate the removal of these compounds 

(Kiene & Bates, 1990; Simo et al., 2000; Gonzalez et al., 2000). While some bacteria 

cleave DMSP to DMS, many bacterial clades employ a competing degradation pathway 

and demethylate and/or demethiolate DMSP, which does not produce DMS (Ledyard & 

Dacey, 1994; Ledyard & Dacey, 1996; van Duyl, 1998). Gonzalez et al., (2000) found 

that 50% of the bacteria associated with a North Atlantic algal bloom (producing 
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significant quantities of DMSP) belonged to only three lineages, such as the Roseobacter 

clade. Grazing experiments (Chapter 2) also demonstrated that microbial degradation of 

DMSP to DMS is often minor, and other consumption pathways dominate. Todd et al. 

(2007) have recently shown that cleavage of DMSP to DMS by bacterial DMSP-lyase 

has an initial step in which DMSP is modified by the addition of acyl coenzyme A (Todd 

et al., 2007) 

DMSPd can supply up to 100% of sulfur and 1-15% of bacterial carbon demand in 

communities dominated by efficient DMSP-assimilators (Zubkov et al., 2001). While the 

fate of DMSP released from phytoplankton may be dominated by bacteria, little is known 

about the bacteria involved (Malmström et al., 2004). Furthermore, the production and 

consumption processes determining the fate of DMSP and DMS are often tightly 

coupled. Spot samples provide concentrations of biogenic sulfur compounds in seawater 

but do not indicate the rates of gross production and consumption that determine these net 

concentrations (Chapters 2 and 5). Methods to accurately quantify bacterial turnover of 

DMSP are required to understand the processes that limit the amount of DMS ultimately 

ventilated to the atmosphere.  

Microzooplankton grazing on DMSP-producing phytoplankton liberates significant 

amounts of DMSP to degradation pathways, as grazers can consume up to 100% of 

primary production per day (Calbet & Landry, 2005). Grazing liberates DMSP-lyase, an 

enzyme synthesised by some phytoplankton and bacteria to cleave DMSP to DMS and 

acrylate according to cellular needs (Dacey & Wakeham, 1986; Burkill et al, 1993; 

Levasseur et al., 1996). Scarratt et al, (2000), observed DMS+DMSPd production rates of 

up to 28.0 nM d-1 in the North Sea during episodes of high DMSPp production. However, 

loss rates often exceeded production, demonstrating the tight coupling of production and 

consumption that is often present in marine microbial communities (see Chapter 2). 

Here, we examine the effect of components of the microbial loop (phytoplankton, 

bacteria and protozoa) on production and consumption of DMS and DMSP. The removal 

or inhibition of trophic levels may be a simple method of uncoupling DMS and DMSP 

production and consumption. We used size fractionation and metabolic inhibition in a 

marine microbial community cultured from a natural Antarctic community. We divided 
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the community into three size fractions by filtration. The first size fraction consisted of 

four 0.2µm filtered chemical/photochemical control treatments to quantify any chemical 

or photochemical changes resulting from the different inhibitors and substrates added, 

which would be applied to the biological changes measured. Three 0.8 µm treatments 

(bacterial community), and two unfiltered treatments (protozoan- and phytoplankton-

mediated production) completed the incubation series. Specific inhibition of bacteria and 

phytoplankton was achieved as described in sections 4.2.4 and 4.2.5 below. 

4.2 METHODS 

4.2.1 Culturing 

The microbial community cultured was collected at the beginning of the third minicosm 

experiment at Davis Station in January, 2003. The community (≤200µm screened) was 

returned to Australia and maintained at the Australian Antarctic Division culture facility 

at 2°C and a 12h light/dark cycle. The culturing media used was a 10-times dilution of 

the F-medium (F10) developed by Guillard & Ryther (1962). Aseptic culture transfer to 

F10 media occurred and then cell growth was assessed by microscopy every few days, 

until 15L had been grown. The culture was then maintained at this volume and assessed 

continually by microscope until the concentration of phytoplankton remained constant 

(stationary phase). The experiment proceeded as soon as stationary phase was reached. 

Stationary phase was chosen in an attempt to ensure sufficient development of protozoa 

and bacteria such that top-down control of phytoplankton production would be visible as 

changes in chlorophyll a (chl a) concentrations, and bacterial mediation of DMS and 

DMSP could be quantified over the 48h incubation.  

The culture experiment described here commenced approximately one year after the 

original collection of the community. Furthermore, the 12h light/dark cycle was at odds 

with the light regime at the collection point of 24h daylight. This, combined with the 

extensive culture period meant that the culture bore little resemblance to the original 

community and has not been used for comparison with the minicosm experiments. 
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4.2.2 Treatments 

Nine treatments, each with three independent replicate bottles were incubated for 48h in 

290 ml polycarbonate culture vessels without headspace, at the same 12h light/dark cycle 

at which the culture had originally been maintained (Figure 4.1). The nine treatments 

comprised the three size fractions: four chemical addition treatments, three treatments 

with phytoplankton and particle associated bacteria removed, and two phytoplankton and 

protozoan treatments.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 The nine treatments used in the culture experiment (treatment replicates not shown). 
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Size fractionation was performed by gravity filtration to minimize cell damage and avoid 

contamination of the filtrate with cell contents. Gravity filtration is slow in comparison to 

vacuum filtration and does not completely remove the possibility of cell damage, 

however the likelihood of damage to cells is reduced. The <0.2 µm filtrate was obtained 

using a Gelman 0.2 µm SuporCap™ cartridge filter, and the <0.8 µm filtrate was 

obtained using 50 mm 0.8 µm pore size polycarbonate membrane filters (Poretics). The 

incubation period (48h) was chosen in an attempt to maximize changes in concentrations 

of DMS and DMSP while minimizing adverse effects of the inhibitors on non-target 

species. Ideally, preliminary ground-truthing of this time period would have been 

performed. This would have allowed examination of the chosen incubation period (48h) 

as suitable for the reasons outlined above. However, the limited access to instruments for 

DMS and DMSP analyses at the time precluded such preliminary tests. 

4.2.3 Flow cytometry and pigment analysis 

Methods for pigment analysis (High Performance Liquid Chromatography - HPLC) and 

staining for estimation of bacterial concentrations are detailed in section 2.2, Chapter 2.  

4.2.4 Controls - <0.2µm size fraction 

Four control treatments were incubated to determine whether the antibiotics, DCMU or 

culture manipulations affected DMS and DMSP concentrations. These treatments were 

0.2 µm filtered to remove all microbial components. One treatment received no chemical 

additions; the other three had an antibiotic mix, dissolved DMSP or DCMU added (see 

below and Fig. 4.1). 

4.2.5 Sulfur production/consumption by bacteria - <0.8 µm size fraction 

The 0.8 µm filtration removed all microbes except bacteria, although it is likely some 

bacteria were removed by filtration as well (Figure 4.1). One 0.8 µm filtrate was left 

unfiltered as a control, allowing unperturbed bacterial growth and sulfur 

production/consumption. The second treatment received a broad-spectrum antibiotic mix, 

as concentrations of 200 mg/l Vancomycin and 1 mg/l benzyl penicillin according to 

Sherr et al., (1986). Vancomycin is a bacteriocide and bacteriostat which causes cell wall 

failure in gram positive bacteria, while benzyl Penicillin (Penicillin G) is a bacteriocide 
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which disrupts cell wall synthesis of the peptidoglycan layer (Hung et al., 2004; Rossi, 

2004). The third treatment received a 50 nM addition of DMSPd according to Scarratt et 

al., (2000). 

4.2.6 Phytoplankton Inhibition 

Phytoplankton were inhibited using the commercial herbicide DCMU [3-(3,4-

dichlorophenyl)-1,1dimethylurea], at a concentration of 20 µM. This concentration was 

determined during DCMU grazing experiments (Chapter 3). DCMU powder is sparingly 

soluble in water, and was added after filling the culture vessels. 

4.2.7 Sulfur analysis 

DMSPp was not measured in the filtered treatments (0.2 and 0.8 µm), as filtration would 

have removed all phytoplankton. While specific details of sample storage and gas 

chromatography are given in Chapter 2, samples for this experiment were analysed at the 

National Measurement Institute, (New South Wales), and the method differed slightly 

from the methods used elsewhere in this thesis. A known concentration of internal 

standard, methylethyl sulfide (MES), was injected with each sample, and the 

concentration of the sample was determined by comparison with the known concentration 

of MES. This removed the need for both regular calibrations, or precision calculations. 

Additionally, a pulsed flame photometric detector (PFPD) rather than dual flame 

photometric detector (FPD) was used, maximising sensitivity and sulfur specificity. 

Details of the development of this analysis system are available in Swan & Ivey, (1996). 

4.2.8 Data Analysis 

Multivariate Analysis of Variance (MANOVA) was used to test the significance of 

changes between the controls and treatments. Post hoc comparisons of group means (one-

way ANOVA and Tukey HSD Test) identified interactions between dependent variables 

(Bacteria, DMS, DMSPd, DMSPp, and chl a). 

4.3 RESULTS 

4.3.1 Chemical/photolytic effects on sulfur in the 0.2µm size fraction 

No significant differences were observed in DMS and DMSPd concentrations in the 0.2 

µm controls after 48h, except those due to the intended DMSPd addition. Furthermore, 
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concentrations were not significantly different from the initial concentrations of 0.11 nM 

DMS and 0.62 nM DMSPd (Table 4.1).  

4.3.2 Bacterial production  

Flow cytometric counts of bacteria in the 0.2 µm controls revealed bacteria in 

concentrations of around an order of magnitude lower than in the 0.8 µm treatments. The 

initial bacteria concentration in the 0.2 µm treatments was 1.15 × 103 cells ml-1. After 

incubation, concentrations were between 6.57 × 103 - 1.53 × 104 cells ml-1. No significant 

differences between treatments or the initial concentration were observed (Table 4.1).  

Concentrations of bacteria dropped but did not change significantly in the 0.8 µm control, 

although actual concentrations dropped from 5.77 × 105 initially, to 3.33 × 105 cells ml-1 

(Table 4.1). After 48h, bacteria concentrations in the treatments to which antibiotics and 

DMSPd were added had declined significantly to1.31 × 105 and 9.19 × 104 cells ml-1 

respectively. However these post-incubation concentrations were not significantly 

different from each other, or from the control (Table 4.2).  

4.3.3 Phytoplankton production  

After 48h, concentrations of Chl a in the unfiltered control and the unfiltered treatment 

with DCMU added were not significantly different, despite the addition of DCMU at a 

concentration that should inhibit photosynthesis based on auto-fluorescence quenching 

tests (ANOVA data for Chl a not shown, and Table 4.1).  

Chl a was largely absent from the 0.8 µm treatments, as expected. However, four- to five-

fold increases in Chl a were observed in the whole water control and DCMU treatments 

48h after the initial concentration of 24.06 µg/l. Chl a concentrations were 103.9 and 

113.3 µg/l in the control and DCMU addition treatments respectively after 48h (Table 

4.1). However, it was likely that these large increases were an artifact of a sub-sampling 

problem, rather than real increases. This is explored in detail in the discussion, section 

4.4.3.  
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Table 4.1 Averaged concentrations of all variables measured initially and after 48h incubation. The labels 
‘0.2 µm Initial’, ‘0.8 µm Initial’ and ‘Whole Initial’ indicate the starting concentrations of each variable in 
each size fraction. Other concentrations are following two days incubation. Variance for DMS and DMSP 
are given as standard error. 
 
 

Treatment 
DMS 
(nM) 

DMS 
var. 

DMSPp 
(nM) 

DMSPp 
Var. 

DMSPd 
(nM) 

DMSPd 
var. Chl a Bacteria 

0.2µm Initial 0.11 0.03     0.62 0.13   1.15E+03 

0.2µm Control 0.14 0.08     2.55 0.79   6.57E+03 

0.2µm + 
Antibiotics 0.30 0.06     2.04 0.22   1.53E+04 

0.2µm + DMSPd 0.44 0.16     48.11 3.26   1.01E+04 

0.2µm + DCMU 0.15 0.08     1.56 0.09   1.29E+04 

0.8µm Initial 0.33 0.05     2.05 0.62 0.10 5.77E+05 

0.8µm Control 0.10 0.02     1.41 0.29 0.08 3.33E+05 

0.8µm + 
Antibiotics 0.50 0.11     1.60 0.13 0.00 1.31E+05 

0.8µm + DMSPd 0.59 0.10     47.32 3.53 0.00 9.19E+04 

Whole Initial 0.25 0.07 198.4 32.53 5.58 0.85 24.06   

Whole Control 0.27 0.09 251.8 10.53 11.97 2.50 103.9   

Whole + DCMU 0.44 0.04 300.5 46.19 3.27 0.47 113.3   

 

 

 

 

Table 4.2 Probabilities of changes in bacterial concentrations over time and between treatments using the 
Tukey post hoc test of ANOVA analysis. Significant differences are shown in bold type. 

 

Bacteria    

0.8µm Control 0.087     

0.8µm + Antibiot. 0.004 0.168   

0.8µm + DMSP 0.002 0.09 0.968 

  0.8µm Initial 0.8µm Control 0.8µm + Antibiotics 
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4.3.4 Bacterial production of DMS and DMSP in the 0.8µm size fraction 

DMS concentrations in the 0.8 µm control (0.1 nM) did not differ significantly from the 

initial concentration (0.33 nM) after 48h. DMS concentrations in the treatments to which 

DMSPd or antibiotics were added were significantly higher than the control (0.59 and 

0.50 nM respectively), but unchanged from the initial concentration (Tables 4.1 and 4.3).  

 

Table 4.3 Probabilities of changes in DMS concentration over time and between treatments using the 
Tukey post hoc test of ANOVA analysis. Significant differences are shown in bold type. 

 

DMS    

0.8µm Control 0.261     
0.8µm + 
Antibiotics. 0.494 0.03   

0.8µm + DMSP 0.185 0.01 0.855 

  0.8µm Initial 0.8µm Control 0.8µm + Antibiotics 

 

No significant differences were observed in DMSPd concentrations, except where 

DMSPd was added (47.3 nM). The initial concentration of 2.05 nM dropped to 1.41 and 

1.60 nM in the control and antibiotic treatments respectively (Table 4.1 and 4.4b).  

4.3.5 Phytoplankton and grazing-mediated production of DMS and DMSP in 
the unfiltered size fraction 

Initially, DMS concentrations were 0.25 nM; after 48h, concentrations were 0.27 and 

0.44 nM in the control and DCMU treatments respectively (Tables 4.1 and 4.3).  

DMSPd concentrations in the control and DCMU treatments were significantly different 

(11.97 and 3.27 nM respectively), but did not differ significantly from the initial 

concentration (5.58 nM) (Tables 4.1 and 4.4c). DMSPp concentrations increased from 

198.4 nM to 251.8 and 300.5 nM in the control and DCMU treatments respectively, 

however these were not significantly different from each other or the initial (Table 4.1).  
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Tables 4.4a, b and c Probabilities of changes in DMSPd concentration over time and between treatments 
using the Tukey post hoc test of ANOVA analysis. Significant differences are shown in bold type. 

 

DMSPd      

0.2µm Control 0.79       

0.2µm +Antibiotics 0.998 0.998     

0.2µm + DMSP 0.000 0.000 0.000   

0.2µm + DCMU 0.98 0.975 0.998 0.000

  0.2µm Initial 0.2µm Control 0.2µm +Antibiotics 0.2µm + DMSP 

 

DMSPd    

0.8µm Control 0.994     

0.8µm + Antibiotics 0.998 1.000   

0.8µm + DMSP 0.000 0.000 0.000 

  0.8µm Initial 0.8µm Control 0.8µm + Antibiotics 

 

DMSPd   

Whole Control 0.166   

Whole + DCMU 0.511 0.030

  
Whole Culture 

Initial Whole Control 

 

4.4 DISCUSSION 

Various metabolic inhibitors have been used to observe DMS production in seawater 

including antibiotics, dimethyl disulfide (DMDS), methyl butyl ether (MBE) and 

chloroform (Scarratt et al., 2000; Simo et al., 2000). Though metabolic inhibitors can 

affect non-target populations, their use requires no manipulation or handling of the 

microbial community, reducing the potential for physical damage, and the release of cell 

contents and metabolites to the dissolved phase. In this experiment, we have also used 

size fractionation to partition different portions of the microbial community, which does 

require physical manipulation of the community. However we attempted to minimise 
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damage to cells by using gravity filtration through high-volume filters (K.Safi, pers 

comm., 2001).  

4.4.1 Validation of Methods 

This study aimed to determine the contribution of three trophic categories (bacteria, 

phytoplankton and protozoa) to DMS and DMSP production and consumption in a multi-

species culture. The inoculant community used in the third minicosm experiment was 

maintained in culture for approximately one year prior to the commencement of this 

study. An experimental culture undergoing exponential growth would likely have 

produced greater changes in Chl a and DMSPp concentrations between treatments than 

the stationary phase culture used here. However, it was predicted that a long, 48h culture 

period was needed to allow bacterial and protozoan growth in order to maximize 

heterotrophy and bacterial abundances. A second 48h culture experiment was planned, 

using the same culture but in exponential growth phase. However, this experiment could 

not be performed due to time constraints, equipment breakdown and the subsequent cost 

of external analysis.  

The culture had been maintained for approximately 1y, by which time the composition of 

the culture bore little resemblance to the original community obtained from Davis. 

Protozoa and phytoplankton were not extensively identified, as size fractionation 

separates broad trophic groups only. However, qualitative microscopy of the culture 

indicated that protozoan concentrations remained low, and were predominantly large 

heterotrophic dinoflagellates. The dominant phytoplankton were diatoms, probably 

Nitzschia spp. and Pseudonitzschia spp. The experiment was designed to investigate the 

utility of using size fractionation and metabolic inhibitors in determining the contribution 

of broad trophic categories to DMS and DMSP production. The culture was not 

representative of the original community given the extensive culturing period, and its 

growth under a 12h light/dark cycle. 

No significant differences resulting from chemical/photochemical effects were observed 

in the 0.2 µm filtered controls. Thus, concentrations of DMS and DMSP were unaffected 

by additions of DCMU, and no corrections were applied to treatments.  
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DCMU can affect non-target populations such as protozoa (DeLorenzo et al., 2001). 

However, inhibiting photosynthesis is an ideal approach when investigating 

phytoplankton growth dynamics in natural communities. The DCMU-treated grazing 

experiments in Chapter 3 revealed a toxic effect to protozoa grazing on phytoplankton 

treated with DCMU, particularly above a threshold ingestion rate, perhaps due to rapid 

uptake of DCMU by prey. As grazing consumption of Chl a was negligible during this 

experiment, DCMU toxicity was less likely to be a significant factor. However, this 

assumes that there was no direct effect of DCMU on Chl a concentrations, such as 

promotion of cell aggregation, or an increase in Chl a per cell as the cells attempted to 

adjust to their inability to photosynthesise. It is possible that these factors may influence 

the measurement of biomass via Chl a, resulting in an inflated estimate of phytoplankton 

biomass. 

4.4.2 Treatment effects on bacterial concentrations  

DMSP is a source of carbon and sulfur for bacteria (Simo et al., 2001), and increased 

bacterial concentrations were expected in the 0.8 µm DMSP treatment. Concentrations of 

bacteria declined significantly in the antibiotic treatment and, surprisingly, in the DMSP 

treatment. Bacterial growth was expected to increase when phytoplankton growth 

reached stationary phase, and phytoplankton cell leakage and lysis increased DOC 

concentrations (Kahler et al., 1997). The bacterial concentrations measured here were 

similar to those measured by Zubkov et al., (2001), in his study of DMSP-consuming 

bacteria in the North Sea. However, DMSPd concentrations were not significantly 

different from the initial, suggesting that the bacteria in this culture were not DMSP-

consumers, despite the proposed ubiquity of bacterial consumption of DMSP (Simo et al., 

2000; Gonzalez et al, 2000).  

Concentrations of bacteria declined in the 0.8 µm antibiotic treatment. However, the 

decline was not significantly different to the DMSPd treatment. Flow cytometric counts 

of total bacteria do not differentiate between active and dead/leaky cells (Lebaron et al, 

1998; Servais et al, 1999). Thus, bacteria inhibited and/or killed by the antibiotics were 

still counted. Although bacterial concentrations were similar, it is likely that the ratio of 

active to inactive or dead cells in the treatments without antibiotics was higher than the 



 78

treatments with antibiotics added. How bacteria affected sulfur concentrations was the 

factor of interest, thus changes in bacterial ratios (both active and dead/leaky) were not 

measured even though they could affect sulfur concentrations.  

4.4.3 Treatment effects on phytoplankton (Chl a) and protozoa 

Chl a concentrations were unaffected by DCMU addition, and increased more than four-

fold in the unfiltered control and DCMU-amended treatments. A Chl a decline in the 

DCMU treatment was predicted, as grazing was expected to reduce phytoplankton 

concentrations, which would not be replaced by growth. The concentration of DCMU 

used was determined after reviewing the literature (eg, DeLorenzo et al., 2001), and by 

the fluorescence quenching method described in Chapter 3. Thus, we were confident that 

the correct concentration was used. However, as mentioned in section 4.4.1, it is 

unknown whether the DCMU affected Chl a concentrations in some other way, such as 

promoting the observed cell aggregation, which may have affected the Chl a 

concentrations observed. 

In this study, DCMU did not appear to inhibit or retard phytoplankton growth, as the 

untreated and DCMU treated whole water treatments were not significantly different after 

48h (ANOVA, data not shown). However, significant growth appeared to occur in both 

treatments after 48h. The phytoplankton culture used was in stationary growth phase, and 

had been grown up to stationary phase in order to ensure growth or successional growth 

was minimized, and heterotrophy and bacterial abundances were maximised. However, 

the four-fold increase observed during the 48h incubation is extremely unlikely in a 

stationary phase culture. Visual observations of the culture prior to the experiment 

revealed a community dominated by senescing diatoms. The diatoms were clumped in 

groups of cells commonly visible to the naked eye. Thus, while it is likely the DCMU did 

not inhibit phytoplankton growth, it is also possible that the non-random nature of the 

clumping problem prevented any observation of DCMU growth retardation. Cell 

aggregation in diatoms can result from a number of factors. The presence of bacteria is a 

pre-requisite for cell aggregation in Thalassiosira weisflogii, while aggregation may be a 

grazer-defence in other diatom species (Wiltshire et al., 2003; Grossart et al., 2006). 

Kiorboe et al. (1990) observed that aggregation in three diatom species depended on rate 
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of encounter and probability of adhesion, or cell ‘stickiness’. In one species, stickiness 

increased by more than two orders of magnitude under nutrient-limitation; another 

species displayed increased stickiness during the transition between exponential and 

stationary growth. This reinforces our contention that the experiment was performed 

using a community in stationary growth phase, despite the apparent growth observed in 

the Chl a concentrations. The change in Chl a concentrations was a result of the 

aggregation, rather than actual cell growth, as the aggregation was extensive enough that 

the clumps of cells sank rapidly even after gentle mixing, a mechanism of mass 

sedimentation which has been observed in oceanic blooms (Kiorboe & Hansen, 1993). 

The initial Chl a concentration of 24.06 µg/l was most likely artificially low, due to 

aggregates settling on the bottom of the 20 l culture vessel, despite regular gentle mixing. 

In addition, the end concentration of Chl a was probably artificially high, due to the over 

concentration of cell aggregates remaining in the 20 l culture vessel after approximately 

half the water had been removed for use in the 0.2 µm control and 0.8 µm bacterial 

fractions. Therefore, analysis of variance (ANOVA) was not performed on the Chl a 

concentrations in the whole treatments. 

4.4.4 Bacterial control of DMS and DMSP production 

Bacteria consumed a substantial quantity of the DMS produced during this experiment. 

Concentrations of DMS were significantly lower in the 0.8 µm-filtered control treatment 

after 48h, than in either the treatments with DMSPd or antibiotics added. Antibiotic 

addition was expected to halt bacterial consumption of DMS. Although DMS 

concentrations were low and not significantly different to the initial, the difference in 

consumption between the control and the antibiotic treatment suggested that 80% of the 

DMS produced in the control treatment was consumed by bacteria after 48h. Assuming a 

non-density dependent consumption rate, this translates to consumption of 40% of the 

DMS pool per day, which is around 2-10 times (4-22%) that estimated by Zubkov et al, 

(2004) using similar bacterial concentrations (see section 4.3.2). Although we removed 

the top-down control by protozoa on bacterial concentrations, it is unlikely that the few 

protozoa present would have significantly affected bacterial concentrations. Furthermore, 

the protozoa were almost exclusively dinoflagellates, which are known to prefer large 
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prey occasionally similar to or exceeding their own size, thus grazing on bacteria was 

likely to be negligible (Azam et al., 1983; Bjornsen & Kuparinen, 1991). 

The 0.8 µm DMSPd addition treatment was expected to experience a similar or greater 

loss of DMS than the control, as bacterial consumption was not inhibited. Instead, an 

increase similar to the antibiotic treatment occurred. Although photochemical degradation 

was found to be insignificant in the 0.2 µm controls, even minor cleavage would have 

affected the low DMS concentrations measured. The observed increase in DMS may 

have been due to limited cleavage of the DMSPd that was added, given its comparatively 

high concentration. DMSPd was added (50 nM) in accordance with Scarratt et al, (2000). 

However, this concentration was too high to reveal statistically significant differences in 

this study. DMSPd was not measured at the start of the incubation, as all sulfur analyses 

were undertaken externally at a later date. 

The α-proteobacteria (e.g. Roseobacter sp.) often dominate DMSPd consumption, 

particularly during blooms of DMSP-producing phytoplankton (Zubkov et al., 2001; 

Simo et al., 2002; Zubkov et al., 2002a). Though Roseobacter sp. can out-compete other 

groups, other bacteria can fill the DMSP-assimilation niche during periods of non-bloom 

activity (Malmstrom et al., 2004). We found no change to DMSPd concentrations over 

time in the 0.8 µm treatments. Enrichment of one of the 0.8 µm filtered treatments with 

DMSPd did not increase bacterial concentrations or rates of DMSPd consumption, 

despite the high bacterial consumption of DMS observed. As the culture was dominated 

by diatoms, which are known to be low DMSP-producers (Matrai & Keller et al., 1994; 

Turner et al., 1995), it is likely that DMSP-assimilating bacteria were out-competed 

during the year since the culture was established. By the end of the experiment, DMSPd 

concentrations were very low compared to DMSPp concentrations in the whole water 

treatment, indicating that DMSPp to DMSPd conversion in the diatom-dominated 

community was negligible. It is not known whether the diatom aggregates observed also 

contained significant proportions of the bacterial biomass. While the bacterial 

manipulations detailed here involved 0.8 µm filtered water, and thus excluded diatoms, it 

is not known whether particular bacterial clades were present on the diatom aggregates 

that may have altered the findings detailed here. Bacteria that were particle-associated 
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and removed by filtration are likely to have been actively metabolizing exudates from the 

aggregates (Azam, 1998), and therefore significantly associated with sulfur compound 

cycling. Thus, any DMS production from DMSPd due to bacteria associated with diatom 

aggregates would fall into the particulate fraction. This is a shortcoming of community 

experiments on DMSP and DMS where aggregation or colony-forming is possible. 

4.4.5 Phytoplankton/protozoan control of DMS and DMSP production  

The only significant change in sulfur concentrations in the unfiltered treatments occurred 

in the DMSPd fraction. DMSPd concentrations decreased in the DCMU treatment, and 

increased in the control. Both treatments were not significantly different from the initial, 

suggesting the change was probably slight. DMSP assimilating bacteria may have been 

out-competed by other bacteria (see above), thus the small amount of DMSPd produced 

(due to senescence or minimal grazing) was not balanced by bacterial consumption. The 

decrease in DMSPd concentrations in the treatment with DCMU added may have been 

due to protozoa being deleteriously affected by the addition of DCMU (see Chapter 3).  

4.5 CONCLUSION 

Some of the results from using metabolic inhibitors to investigate biological controls on 

DMS/DMSP production were encouraging. The bacterial manipulations yielded a 

surprisingly high rate of DMS consumption by bacteria, which was not matched by high 

DMSPd turnover, as observed in other studies (section 4.4.3). In addition, despite the 

senescent state of the culture we used, there was little conversion of DMSPp to DMSPd. 

This contrasted with our findings in the third minicosm experiment where the Chl a peak 

was followed by an increase in DMSPd concentrations, due to both senescence and the 

high grazing rates observed (see Chapter 5). As the culture used here bore little 

resemblance to the original community from Expt. 3, this is not surprising. 

Although the other results were subtle, this approach holds promise. Key parameters 

remain unresolved from our experiment, largely due to aggregation problems which 

resulted in incorrect measures of Chl a, an unrepresentative protozoan community, and 

the very low concentrations of DMS present. Addition of DCMU did not allow 

calculation of rates of DMSPp synthesis by phytoplankton, and a second experiment 

using exponentially growing phytoplankton without aggregation to resolve this synthesis 
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could not be performed. Furthermore, low and/or inactive concentrations of protozoa 

meant that it was not possible to discriminate their role in liberating DMSPp to the 

dissolved phase, or controlling bacterial consumption of DMS or DMSPd. The cell 

aggregates may have also prevented any significant grazing effect (Wiltshire et al., 2003; 

Grossart et al., 2006), hence the low concentrations and inactivity of the protozoa. 

However, the simple nature of the methods and approach used here should encourage 

further investigation into using inhibitors and size fractionation to estimate production 

and consumption rates of DMS and DMSP. 
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CHAPTER FIVE – The influence of enhanced UVR on 
biogenic sulfur production using minicosms 

5.1 Introduction 

Ozone depletion during spring and summer over Antarctica can result in stratospheric 

ozone concentrations commonly 50% and as low as 30% of pre-hole values (Kerr, 1998). 

This depletion and the resultant increase to ultraviolet-B (UVB) radiation can persist 

through to February (Frederick & Lubin, 1994), when the sea-ice in coastal areas of East 

Antarctica near Davis Station has normally retreated to isolated inshore areas. Marine 

microbial communities in coastal areas are largely protected from spring ozone depletion 

(September –November) by extensive sea-ice cover, as breakout occurs sequentially 

throughout November and December (Gibson et al., 1997; Thomson et al., 2005). Late 

spring sea-ice is thick and opaque, as higher air temperatures rot the upper layers 

reducing light penetration (Ryan & Beaglehole, 1994). The disappearance of sea-ice 

abruptly exposes coastal microbial communities to high levels of photosynthetically 

active radiation (PAR) and UVR.  

Short wavelength, high energy UVB radiation is biologically damaging to biota, 

including Antarctic marine microbial communities (eg Hader et al., 1991; Smith, 1992; 

Hader et al., 1995). Tolerance to UVB varies greatly in marine microbial species 

(Karentz et al., 1991; Marchant & Davidson, 1991; Helbling et al., 1994; Davidson et al., 

1994). As exposure differentially affects the growth and survival of particular taxa, 

community structure and function may be affected.  

Marine microbial blooms and successions occur rapidly during spring/summer in 

Antarctica. As summer progresses, phytoplankton senescence increases DOC, fueling 

bacterial blooms, which are also subjected to high light intensities (Kähler et al., 1996; 

Pinhassi et al., 2005). Bacterial taxa also have varying tolerances to UVB, further 

complicating studies on UVB exposure (Kieber et al., 1989; Sommaruga et al., 1999; 

Obernosteror et al., 2001; Maranger et al., 2002). Furthermore, increased UVB may 

either degrade or enhance the bioavailability of DOC, with consequences for bacterial 

growth and nutrition (Kieber et al., 1989). 
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DMS production occurs predominantly during the period of maximal biological 

production in Antarctic waters, following the breakdown and microbial processing of 

DMSP synthesized by phytoplankton. Particulate or intracellular DMSP (DMSPp) 

production during this period is highly variable and may range over 3 orders of 

magnitude, and concentrations of up to 3000nM have been measured in melting sea-ice 

(Trevena & Jones, 2005). However the microbial activity during this period mediates the 

concentration of DMS available for ventilation to the atmosphere. These interactions 

have been dealt with in detail previously, and include enzymatic cleavage by 

phytoplankton or bacteria, grazing release of dissolved DMSP, bacterial consumption of 

DMSPd and DMS, production of DMS by certain bacteria, and viral infection of 

phytoplankton blooms (Matrai & Keller, 1994; Wolfe et al., 1997; Malin et al., 1998; 

Wilson et al., 1998; Simo et al., 2000; Zubkov et al., 2001; Archer et al., 2003). As all 

these processes are mediated by microbes, it is likely that any UVB-induced changes in 

the structure and function of microbial communities will also influence the sulfur cycle.  

Although physical oxidative processes such as the conversion of DMS to DMSO directly 

vary concentrations of DMS, microbial communities predominantly control the 

production of DMS in seawater (Malin et al., 1994). To quantify effects on DMS, DMSP 

and DMSO resulting from UVB-induced microbial perturbations, it is essential to 

examine the effect of individual microbial processes on gross sulfur production.  

We incubated natural marine microbial communities from an Antarctic coastal 

environment to examine these microbial controls. Three incubation experiments were 

undertaken between November 2002 and January 2003, using ambient sunlight 

differentially attenuated using filters into four UVR treatments (minicosms). Changes in 

microbial composition and abundances were examined during each experiment, and 

UVR-induced effects determined (see Thomson et al., 2008). Here, we examine changes 

in concentrations of DMS, DMSP (particulate and dissolved) and DMSO during each 

experiment in relation to the microbial community. The net measurements of sulfur 

production calculated here are presented in the context of the gross production estimates 

calculated for individual trophic controls earlier in this thesis. 
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5.2 Methods 

Site details, the Minicosm system and light exposures are given in Chapter 2, and in 

Thomson et al., (2008). Three experiments were performed, each incubated for 13-14d. 

The four light treatments were exposed to PAR, PAR+UVA, PAR+UVA+L-UVB and 

PAR+UVA+H-UVB irradiances, and were sampled following 0, 1, 2, 4, 7 and 13 or 14d 

incubation. 

5.2.1 Microzooplankton, Phytoplankton and Bacteria 

Concentrations of chlorophyll a (Chl a), phytoplankton, bacteria and microzooplankton 

were determined at each sample time. Pigment (chl a) concentrations were analysed by 

high performance liquid chromatography (HPLC). Protist identity, concentration and 

trophic status were also determined at each sampling time, using light, fluorescent and 

electron microscopy. Bacterial abundances were determined by epifluorescent 

microscopy for the first minicosm experiment, and flow cytometry (Becton Dickinson 

FACScan) for the remainder. Ground-truthing of microscopy v flow cytometry counts 

was conducted at the end of the Expt. 1 to ensure agreement between concentrations of 

total bacteria using both methods. Details of all enumeration and identification 

procedures are provided in Chapter 2 and Thomson et al., (2008). 

5.2.2 DMS and DMSP Sample Storage and Analysis 

Samples for DMS, total DMSP (DMSPt) and dissolved DMSP (DMSPd) were taken in 

triplicate at each sampling time. Sampling took place for all variables at 11am of each 

sampling day. For the sulfur compounds sampled, sampling time was around half an 

hour. DMSP particulate (DMSPp) values were calculated from the difference between the 

total and dissolved fractions. All samples were stored prior to cryogenic purge and trap 

determination by gas chromatography following the method of Curran et al, (1998a) and 

Curran & Jones, (2000) (see Chapter 2). All data for sulfur compounds displayed here are 

provided with the standard error in the form of y-axis error bars. 

5.2.3 DMSO Sample Storage and Analysis 

DMSO samples were collected, acidified and stored as for DMSP (Chapter 2 and 

Broadbent, 1997). Storage and analysis constraints meant that only DMSO samples for 
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Expt. 2 and 3 could be taken. Three replicates of each treatment were taken at each 

sampling time. 

Samples to quantify total concentrations of DMSO were collected, and analyzed 

according to an adapted version of the sodium borohydride (NaBH4) reduction method of 

Andreae (1980). Modifications and improvements to the original method have been 

recently developed, and the methods followed here are a combination of the instrumental 

techniques of Broadbent (1997), the DMSO analysis methods of Simo et al. (1996) and 

Simo et al. (1998), and the analytical and instrumentation techniques given in Chapter 2.  

Various methods of DMSO analysis have been developed using reductants including 

chromium chloride (CrCl2) or DMSO reductase (Hatton et al., 1994). The borohydride 

reduction was used here, as it only differs to the DMS and DMSP analysis methods in the 

initial chemical reduction stages. Instrumentation is the same as that used for DMS and 

DMSP analysis, as the analyte is the DMS resulting from the DMSO reduction.  

A known volume of sample (10-20ml) was treated with NaOH and purged in order to 

remove the positive interference of DMSP and any residual DMS in the sample (Simo et 

al., 1996; Simo et al., 1998; Broadbent, 1997). The aliquot volume used was based on the 

estimated DMSO concentration in the sample to maintain the precision of the detector. 

The volume used did not affect the reactivity of the reagents, provided the reactant 

proportions remained constant. Simo et al. (1998) used sample volumes of 5-50ml. 

Once all interfering sulfur species were removed, DMSO reduction proceeded. DMSO 

samples previously treated with hydroxide are stable and can be stored for up to three 

weeks with no significant losses (Broadbent, 1997). The cryogenic trap was placed into 

the liquid N2 and the injection port cap of the purge chamber changed to a teflon cap and 

septum. 730µl of 32% HCl was injected into the purge chamber with a gas-tight syringe. 

Acidification reduces the pH from 13 to 5 prior to the borohydride reduction, improving 

yields and increasing precision (Simo et al., 1996; Simo et al., 1998; T. Vance, 

unpublished data). As the slight pressure increase subsided, 100mg of NaBH4 was 

dissolved in 1ml of recently distilled water. As the NaBH4 solution was injected into the 

purge chamber, borane and hydrogen was evolved, increasing the pressure. To alleviate 

the pressure, a 10ml gas-tight glass syringe was used to inject the reductant, small 
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amounts were injected at a time, and the plunger was allowed to move up the barrel of the 

syringe during injection. Following this, 1ml of 1M HCl was injected with a gas-tight 

syringe after 30-60s of initial He purging (45ml/min). The HCl was injected over a 60-

90s interval. The sample was purged for 15 min, then the trapped DMS was injected onto 

the column for chromatographic separation. 

Calibration curves were made using acidified standards of 7.5, 15, 30 and 45 ng sulfur, 

using serial dilutions from a 30 µg/l DMSO primary stock (Sigma-Aldrich, 99.5% 

purity). The initial acidification was omitted as the standards were stabilized with HCl. 

DMSO is a common solvent, and its ubiquity in laboratories can result in erratic 

backgrounds in glassware, standards and distilled water. To avoid contamination of 

standards and samples, fresh distilled water was obtained throughout the day, and all 

stocks and reagents were made up and replaced every1-2 d. Acids for immediate use 

were stored in glass vials with rubber septa, and replaced throughout the day. NaBH4 was 

weighed into 1.5 ml cryovials each morning, and dissolved in freshly distilled water 

immediately prior to use. Glassware was acid-washed or silinated and rinsed regularly.  

5.3 Results 

The increase in cumulative erythemal UV irradiance in each treatment was approximately 

linear in each experiment (Fig. 5.1). In the PAR+UVA+H-UVB treatment, the 

cumulative erythemally weighted dose ranged between 1840 and 2003 J m-2, while in the 

PAR+UVA+L-UVB treatment, cumulative doses were 617-678 J m-2. The PAR+UVA 

treatment received 227-274 J m-2, while the PAR treatment received 78-88 J m-2. Expt. 2 

received the highest irradiances of the three experiments (Thomson et al., 2008). Refer to 

Chapter 2, section 2.2.3 for further details on the irradiances measured. 

5.3.1 Dominant microbial groups in the inocula 

The first and second experiments were grown from seawater collected from beneath land-

fast sea-ice, and developed into communities dominated by cryptophytes and auto- and 

heterotrophic dinoflagellates. Sea-ice was absent for the final experiment, and the protist 

community was dominated by diatoms and choanoflagellates (Thomson et al., 2008). 
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There has been no attempt to fit Chl a or bacterial data to specific growth curves given 

the scarcity of data points (1 only) between day 4 and days 13/14.  

0

500

1000

1500

2000

2500

0 5 10 15

PAR
PAR+UVA
PAR+L-UVB
PAR+H-UVBU

V 
do

se
 J

 m
-2

Experiment 1

Sample day

 

0

500

1000

1500

2000

2500

0 5 10 15

PAR
PAR+UVA
PAR+L-UVB
PAR+H-UVBU

V 
do

se
 J

 m
-2

Experiment 2

Sample day

 

0

500

1000

1500

2000

2500

0 5 10 15

PAR
PAR+UVA
PAR+L-UVB
PAR+H-UVBU

V 
do

se
 J

 m
-2

Experiment 3

Sample day

 
Figures 5.1a, b and c Cumulative erythemal UV doses (J m-2) for each experiment. 
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5.3.2 Chlorophyll a and species groups 

Detailed data and analyses of Chl a and species groups are provided in Thomson et al 

(2008, and in Section 7, Appendix 1 of this thesis). Overall, UVR effects progressed from 

a primarily UVA effect in Expt. 1, to no significant UV effect in Expt. 2, to a deleterious 

UVB effect in Expt. 3. In Expt. 1 and 2, P. antarctica colonies were unaffected by UVR 

climate, yet flagellate forms grew best under UVB. A number of treatment effects were 

observed in Expt. 3. UVB appeared to adversely affect diatoms such as Nitzchia 

subcurvata and N. delicatissima. However, species-specific and group effects due to 

UVA were also observed. UVA adversely affected small heterotrophic flagellates and 

Chaetoceros simplex, while small autotrophic flagellate growth appeared promoted by 

UVA. P. antarctica colonies were unaffected by UVR, while flagellate forms grew best 

under UVB (Thomson et al., 2008). 

During Expt. 1, Chl a concentrations in all treatments approximately halved during the 

first 24h, then experienced a 3-4d lag phase before increasing exponentially for the 

remainder of the incubation (Fig. 5.2). The PAR, PAR+UVA+L-UVB and 

PAR+UVA+H-UVB treatments increased from 0.54 µg/l to 2.5-3.5 µg/l. However, the 

PAR+UVA treatment only increased to 0.86 µg/l after 14d. Significantly lower 

concentrations of the three dominant autotrophs (including P. antarctica, a prolific 

DMSP-producer) were observed in the PAR+UVA treatment. In contrast, heterotrophs 

appeared adversely affected in all UVR-exposed treatments. However, many groups did 

not display any deleterious treatment effects (Thomson et al., 2008). 

Chl a concentrations in Expt. 2 showed a shorter lag phase (2-3 days) in comparison to 

Expt. 1, before increasing exponentially throughout the incubation. Few differences were 

observed between treatments, although the PAR+UVA treatment displayed little or no 

increase in Chl a concentrations during days 4-7, in contrast to the other treatments. After 

13 d, concentrations ranged between 6 and 7.5 µg l-1. Few species-specific effects were 

observed, and the taxonomic composition of the community did not differ significantly 

between treatments (Thomson et al., 2008). 
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Figures 5.2a, b and c. Chlorophyll a concentrations by treatment. 
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Expt. 3 was the only incubation where phytoplankton growth reached stationary phase 

within the incubation period. Chl a concentrations were almost identical during the first  

two days of incubation irrespective of treatment. Chl a concentrations in all treatments 

peaked (8-15 µg/l) at or sometime after 7d (no data available between 7-13d), then 

declined to 7-11 µg/l following 13d incubation.  

The PAR+UVA treatment differed from the other treatments, showing a greater rate of 

increase initially, highest concentrations overall and a sharper decline after 7d.  

The microbial community varied little while fast ice remained at the site, being 

dominated by flagellates and dinoflagellates. However, disappearance of the fast-ice 

coincided with a rapid transition to an autotrophic community dominated by diatoms, and 

a heterotrophic community dominated by bactivores (Thomson et al., 2008).  

5.3.3 Bacterial concentrations 

Expt. 1 had the greatest increases in bacterial concentrations over the incubation period 

(Fig. 5.3a). The initial concentration was 2.3 × 105 cells ml-1. Concentrations remained 

constant for the first 7d, before rising to between 2 × 105 and 1-1.4 × 106 cells ml-1.  

In Expt. 2, the initial bacterial concentration was 4.3 × 105 cells ml-1. Highest bacterial 

concentrations occurred after 4d in all treatments, and ranged between 7.6 × 105 and 1.1 

× 106 cells ml-1. Little treatment variability occurred, although concentrations in the 

PAR+UVA treatment declined initially and were the lowest after 4d. Concentrations 

declined to the end of the incubation, to around 2 × 105 cells ml-1 after 14d (Fig. 5.3b). 

Irrespective of treatment, bacterial concentrations in Expt. 3 decreased during the first 

day of incubation, falling from 4.8 × 105 to 3.4-3.7 × 105 cells ml-1. Concentrations then 

increased to close to or higher than the initial concentration in all but the PAR+UVA+H-

UVB treatment. Concentrations then declined to the end of the incubation period, falling 

to 6.6 and 8.8 × 104 cells ml-1 in the PAR+UVA and PAR treatments respectively, and 

1.8 and 1.9 × 105 cells ml-1 in the PAR+UVA+L-UVB and PAR+UVA+H-UVB 

treatments respectively (Fig. 5.3c). 
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Figures 5.3a, b and c. Total bacteria concentrations by treatment. 
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5.3.4 DMSP concentrations 

Dissolved and particulate DMSP concentrations were the most variable fractions of the 

sulfur compounds measured during the three experiments (Fig. 5.4 – 6). In the first two 

experiments, partitioning between the dissolved and particulate phases followed similar 

trends, with the particulate phase generally dominating between day 1 and days 4-7. 

DMSPd then increased to as much as six times the concentration of DMSPp by the end of 

the incubations (Fig. 5.4 & 5.5). In contrast, the particulate fraction dominated DMSP 

concentrations in Expt 3, generally increasing over time (Fig. 5.6).  

Filtration partitioning of DMSP into particulate and dissolved fractions can result in 

filtration artifacts.  Kiene & Slezak, (2006) found that even gentle filtration (as employed 

here) is likely to result in filtration artifacts whereby cell damage and release of cell 

contents during filtration is likely to artificially increase concentrations of DMSPd to the 

detriment of the particulate fraction. It is likely that some under-estimation of particulate 

phase DMSP and artificial increase in the dissolved phase DMSP occurred during the 

DMSP partitioning of these experiments. See Section 2.4.4, Chapter 2 for more detail. 

5.3.5 DMSPp and DMSPd concentrations – Expt. 1 

DMSPp concentrations increased rapidly during Expt 1. After 1-2d, concentrations had 

risen from 1.43 nM initially to 117-154 nM (Fig. 5.4). This was followed by an equally 

sharp decline to between 3-44 nM after 7d, with the lowest concentration (3.9 nM) 

occurring in the PAR treatment, and the highest in the PAR+UVA treatment (44 nM). 

After 14d, all DMSPp concentrations were below 20nM.  

DMSPd concentrations in Expt. 1 increased from 17 nM to reach their highest 

concentrations (80-127 nM) after 1d in all but the PAR+UVA+H-UVB treatment, which 

peaked after 2d at 76 nM (Fig. 5.4). Concentrations then declined to 7d in all treatments, 

before increasing between 7 and 14d. After 14d, DMSPd concentrations had increased, 

approaching their earlier maxima.  

Treatment effects during Expt. 1 were slight. DMSPp concentrations were higher after 1d 

in the PAR+UVA+H-UVB treatment than DMSPd, in contrast to the other treatments 

(Fig. 5.4d). The PAR treatment declined more rapidly to 7d than the other treatments 
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(Fig. 5.4a). Highest DMSPp concentrations were measured in the PAR+UVA treatment 

after 2d (Fig. 5.4b). 

5.3.6 DMSPp and DMSPd concentrations – Expt. 2 

Concentrations of DMSPp were 29 nM initially, and rose to 36-48 nM after 1-4d. 

Concentrations then declined to 10-17 nM after 14d (Fig. 5.5). In contrast to Expt. 1, 

DMSPd concentrations declined during the first day, but gradually increased thereafter to 

68-74 nM after 14d (Fig. 5.5).  

5.3.7 DMSPp and DMSPd concentrations – Expt. 3 

DMSP production during Expt 3 contrasted sharply with the first two experiments (Fig. 

5.6). Both particulate and dissolved DMSP increased during the incubation in all 

treatments, with DMSPd concentrations generally following those of the DMSPp. All 

treatments except for PAR followed a similar pattern throughout the incubations as the 

Chl a concentrations for this experiment. DMSPp concentrations (7 nM) rose to maxima 

of 76-119 nM after 13d; increases were most rapid between 2-7d in all but the PAR 

treatment (Fig. 5.6a). 

Between 4-7d, DMSPd concentrations diverged below the particulate fraction in all but 

the PAR treatment. The PAR treatment increased rapidly in greater concentrations than 

the DMSPp before declining to 13d. At 13d, DMSPd concentrations ranged between 19 

and 58 nM (Fig. 5.4). 

5.3.8 DMSO and DMS concentrations 

DMSO concentrations were not measured during Expt. 1. DMS concentrations were 

generally higher in Expt. 1 than Expt. 2 and 3 (Fig. 5.4 - 6). Some variation was observed 

during Expt. 1, however concentrations generally remained below 20 nM. DMS 

concentrations in the PAR+UVA and PAR+UVA+H-UVB treatments displayed little 

variability (Fig. 5.4b & d), while the PAR treatment increased between 1-2d, before 

gradually declining after 13d. DMS concentrations in the PAR+UVA+L-UVB (Fig. 5.4c) 

remained below 10 nM until 4d, increased to 20 nM between 4-7d, then dropped to 10 

nM after 13d. 
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DMS concentrations remained below 10nM in all treatments during Expt 2 (Fig.2). The 

highest concentration occurred in the PAR treatment after 1d. This contrasted with the 

UVB-exposed treatments, where DMS was not detected after 1d.  

In Expt. 2, DMSO concentrations declined in the first 1-2d (Fig. 5.5) in all but the 

PAR+UVA+H-UVB treatment (Fig. 5.5d). DMSO concentrations in all treatments were 

relatively stable after 4d. After 13d, concentrations were almost identical (58-60 nM).  

DMS concentrations during Expt 3 remained below 3nM in all treatments throughout the 

incubation, with few treatment effects observed (Fig. 5.6). DMSO concentrations did not 

range beyond 55-71 nM in any treatment.  
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Figures 5.4a and b. DMS and DMSP concentrations by treatment for Experiment 1. Error bars represent 
standard error. 
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Figures 5.4c and d. DMS and DMSP concentrations by treatment for Experiment 1. Error bars represent 
standard error. 
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Figures 5.5a and b. DMS, DMSP and DMSO concentrations by treatment for Experiment 2. Error bars 
represent standard error. 
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Figures 5.5c and d. DMS, DMSP and DMSO concentrations by treatment for Experiment 2. Error bars 
represent standard error. 
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Figures 5.6a and b. DMS, DMSP and DMSO concentrations by treatment for Expt. 3. Error bars represent 
standard error. 
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Figures 5.6c and d. DMS, DMSP and DMSO concentrations by treatment for Experiment 3. Error bars 
represent standard error. 
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5.3.9 Interactions between sulfur species and biological variables 

Correlation analysis was used to identify significant relationships (p≤0.05) between 

concentrations of DMS, DMSP, Chl a and bacteria (Tables 5.1-4). Only significant 

relationships are shown in the tables, and whether the correlation was directly or 

inversely proportional (negative or positive). 

DMSPd and DMSPp concentrations were significantly related in all treatments in Expt. 2, 

and the UVB-exposed treatments in Expt. 3, however the correlation changed from 

negative in Expt. 2 to positive in Expt. 3. No significant relationships were identified 

between DMSPd and DMS, or DMS and DMSO. 

DMSPd concentrations were correlated with concentrations of bacteria in the 

PAR+UVA+H-UVB treatment of Expt. 2, and both UVB-exposed treatments in Expt. 3. 

No significant relationships were identified between DMS and bacterial concentrations. 

DMSPp and Chl a concentrations were not correlated in Expt. 1. In Expt. 2, there was 

negatively correlated only in the PAR treatment. In contrast to Expt. 2, the PAR 

treatment was the only one in Expt. 3 where DMSPp and Chl a were not positively 

correlated.  

Bacteria and Chl a concentrations were correlated in all treatments in Expt. 1 and 3, 

except for the PAR+UVA+L-UVB treatment in Expt. 3. However, bacteria and Chl a 

were positively correlated in Expt. 1 and negatively correlated in Expt. 3. No correlations 

occurred between bacteria and Chl a in any treatment of Expt. 2. 
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Table 5.1. Significant correlations between DMSPp and DMSPd by treatment 

 

DMSPp/DMSPd Sign r-value Probability ≤ 0.05 
1-PAR    
1-PAR+UVA    
1-PAR+UVA+Low UVB    
1-PAR+UVA+High UVB    
2-PAR Negative 0.976 Yes 
2-PAR+UVA Negative 0.956 Yes 
2-PAR+UVA+Low UVB Negative 0.975 Yes 
2-PAR+UVA+High UVB Negative 0.932 Yes 
3-PAR    
3-PAR+UVA    
3-PAR+UVA+Low UVB Positive 0.877 Yes 
3-PAR+UVA+High UVB Positive 0.953 Yes 

 

 

Table 5.2. Significant correlations between DMSPd and bacteria by treatment 

 

DMSPd/Bacteria Sign r-value Probability ≤ 0.05 
1-PAR    
1-PAR+UVA    
1-PAR+UVA+Low UVB    
1-PAR+UVA+High UVB    
2-PAR    
2-PAR+UVA    
2-PAR+UVA+Low UVB    
2-PAR+UVA+High UVB Negative 0.869 Yes 
3-PAR    
3-PAR+UVA    
3-PAR+UVA+Low UVB    
3-PAR+UVA+High UVB Negative 0.810 Yes 

 



 104

 

Table 5.3. Significant correlations between DMSPp and Chl a by treatment 

 

DMSPp/Chl a Slope r-value Probability ≤ 0.05 
1-PAR    
1-PAR+UVA    
1-PAR+UVA+Low UVB    
1-PAR+UVA+High UVB    
2-PAR Negative 0.9066 Yes 
2-PAR+UVA    
2-PAR+UVA+Low UVB    
2-PAR+UVA+High UVB    
3-PAR    
3-PAR+UVA Positive 0.9058 Yes 
3-PAR+UVA+Low UVB Positive 0.924 Yes 
3-PAR+UVA+High UVB Positive 0.9654 Yes 

 

 

Table 5.4. Significant correlations between bacteria and Chl a by treatment 

 

Bacteria/Chl a Sign r-value Probability ≤ 0.05 
1-PAR Positive 0.9903 Yes 
1-PAR+UVA Positive 0.9117 Yes 
1-PAR+UVA+Low UVB Positive 0.9889 Yes 
1-PAR+UVA+High UVB Positive 0.9893 Yes 
2-PAR    
2-PAR+UVA    
2-PAR+UVA+Low UVB    
2-PAR+UVA+High UVB    
3-PAR Negative 0.8956 Yes 
3-PAR+UVA Negative 0.8932 Yes 
3-PAR+UVA+Low UVB    
3-PAR+UVA+High UVB Negative 0.9205 Yes 
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5.4 Discussion 

Ozone concentrations declined throughout November and December 2002, reaching their 

lowest point during Expt. 3 in January 2003 (Thomson et al., 2008). Despite this, UVR 

doses were highest during Expt. 2, (December), and lowest during Expt. 3 (January). 

Incident UVR was probably affected by cloud cover and the high solar zenith angle 

occurring around the summer solstice. However, Thomson et al., (2008), found that Expt. 

3 was the most affected by UV of all three experiments, coinciding with a period of 

particularly strong ozone depletion, in particular, a drop below 300 dobson units (DU). It 

is possible that the change in composition to a diatom-dominated community increased 

overall susceptibility to UV, or, alternatively, it may have been the decline in 

stratospheric O3 concentrations to below 300 DU. 

The communities that developed from the three inoculations were typical of those usually 

present at this site for the given seasonal and ice conditions (Gibson et al., 1997; 

Davidson & van der Heijdon, 2002). Although inter-annual variations in phytoplankton 

speciation and biomass are common, differences are usually attributed to variability in 

sea-ice breakout (Skerratt et al., 1995; Gibson et al., 1997). 

Thomson et al. (2008) used exploratory statistical analyses (PATN™ - Belbin, 1993) to 

identify differences in biological variables between and within experiments. Significant 

UV-induced effects were identified using cluster analyses followed by ANOVA and Post 

Hoc analysis using the Tukey test. The UVA effect identified in Expt. 1 was not observed 

in Expt. 2, and was replaced by UVB-induced effects during Expt. 3. This discussion 

focuses on the effects observed, and any significant relationships (section 5.3.9).  

5.4.1 UVR interactions - Experiment 1 

Despite the overall UVA effect found by Thomson et al. (2008), the PAR+UVA+H-UVB 

treatment displayed the most rapid increase in DMSPp production per unit Chl a in Expt. 

1 (see below). It is unlikely that DMSP-producers were favoured to the extent suggested 

by the DMSPp increase, as the DMSPp concentration increase observed could not be 

attributed to Chl a concentrations, or changes in species composition during this 
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experiment alone (Table 5.1 and Appendix 7). It is more likely that DMSP was produced 

as an anti-oxidant by phytoplankton cells under stress (Sunda et al., 2002). It is however 

likely that cells able to produce DMSP may have been less affected by the light climate 

due to their ability to produce such anti-oxidants in large quantities compared to other 

cells. The increase in P. antarctica abundances in the first two days certainly suggests 

this (Appendix 1). 

Chl a concentrations were unaffected by treatment but were lower after 14d in the 

PAR+UVA treatment (Thomson et al., 2008). Bacteria were also unaffected by treatment, 

and rates calculated for grazing on phytoplankton and bacteria were either low or could 

not be resolved, due to low grazer abundance (Table 2.4, Chapt. 2). Bacterial growth was 

correlated with that of phytoplankton, as a positive correlation was present between 

bacteria and Chl a concentrations in all treatments (Table 5.4). Phytoplankton are the 

ultimate source of bacterial substrates in closed experimental systems (Shiah & Ducklow, 

1997). Thus, it is entirely likely the correlation between bacterial growth and Chl a was 

due to a supply of subtrates from phytoplankton. 

DMS concentrations varied little with light treatment in Expt. 1. Although unrelated to 

bacterial concentrations, DMS concentrations were probably controlled by bacterial 

consumption rather than DMSP production, as DMSP concentrations varied greatly over 

the incubation period. 

5.4.2 DMSP production and conversion - Experiment 1 

DMSPp concentrations during Expt. 1 were the highest observed in all three incubations. 

Significant disruption to dissolved gases, metabolites and the microbial community were 

expected during tank filling, and DMSPd and DMS concentrations were expected to 

increase as a result of cell death, lysis or leakage (Matrai & Keller, 1993; Kwint & 

Kramer, 1995). However, the communities were left to equilibrate in the dark for 15h 

after filling. Thus, elevated DMSPd concentrations would be observed at t=0, rather than 

after 1-2d. Furthermore, Chl a concentrations in this experiment dropped by around one 

half after 1-2d in all treatments, and remained stable until day 7. Thus, DMSPp 

production per unit Chl a increased greatly (from 2.65 to up to 400 nmol:µg Chl a) in the 

first two days of incubation, as the sub-ice community responded to the sudden increase 
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in light. In addition, the initial mortality observed (Chl a decline) was followed by an 

extended lag phase in which the cells equilibrated to the increased irradiances. UVR can 

induce the formation of resting spores, which may have also removed a significant 

amount of the active microbial population (Helbling et al., 1992; Hader et al., 1995; 

Buma et al., 2001; Davidson, 2005).  

As the inoculant community was pumped from under sea-ice, ‘light shock’ may have led 

to physiological effects including reduced motility, photosynthesis and increased 

mortality (Vincent & Roy, 1993; Davidson et al., 1994; Wangberg et al., 1999). Although 

the exposure to surface irradiances could be compared to sea-ice breakout, the inoculant 

community used in Expt. 1 would not normally be exposed so early in the summer. In 

addition, the community was probably significantly influenced by the sea-ice community 

at the sample site, which would have been subjected to significant changes in salinity and 

temperature (Thomson et al., 2006). DMSP may function in osmoregulation and 

cryoprotection (Karsten et al., 1992; Kirst, 1996), and sea-ice communities are noted for 

significant DMSP production (Trevena et al., 2000; Trevena & Jones, 2005). 

DMSP may also function as an anti-oxidant (Sunda et al., 2002). The DMSPp increase 

that occurred after the minicosms were exposed to surface irradiances generally lagged 

behind the DMSPd increase, in all but the PAR+UVA+H-UVB treatments. The DMSPp 

increase in this treatment occurred largely during the initial 24h, in contrast to the other 

three treatments, probably due to the greater light shock (shallower apparent depth) that 

this treatment was exposed to. The DMSPd increase observed in all treatments was 

probably due to the mortality of delicate cells that did not survive the sudden light 

increase, while the subsequent increase in DMSPp that followed was due to its increased 

production as a free radical scavenger by hardier species. Healthier cells may have 

released some DMSPd, however excretion of DMS or DMSPd by healthy algal cells is 

thought to be minor (Stefels & van Boekel, 1993; Kwint, 1996; Niki et al., 2000). Sunda 

et al. (2002) tested various oxidative stressers including Fe limitation and solar ultraviolet 

radiation and found that DMSP readily scavenges hydroxyl radicals produced during 

light and nutrient stress. There was no indication of any nutrient limitation by the end of 

this incubation as phytoplankton growth continued to increase exponentially, and C:N 

ratios did not increase (Appendix 8). In addition, nutrients are not scarce during early 
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summer at this site, and would not have been limiting at the start of the experiment 

(Gibson et al., 1996). Maximum DMSPp concentrations in the PAR+UVA+L-UVB and 

PAR+UVA+H-UVB treatments were around two- and five-times higher respectively than 

in the PAR and PAR+UVA treatments during the first day of incubation (Fig. 5.4). This 

would suggest an immediate UVB-induced increase in DMSP synthesis. However, this 

UVB effect is far outweighed by the response in the PAR and PAR+UVA treatments 

after 2d incubation. The greatest increase in DMSPp occurred in the treatments that 

weren’t exposed to UVB; the PAR+UVA treatment in particular reached a concentration 

of 154nM DMSPp. In 2005, van de Poll et al. reported that low-light acclimated 

Chaetoceros brevis cell viability was significantly reduced under exposure to PAR and 

UVA. During this minicosm experiment, cells acclimated to under-ice light conditions 

experienced significant mortality on exposure to natural solar radiation. However, a 

significant protection response appeared to be activated by cells capable of producing 

DMSP as an anti-oxidant.  

The proportion of DMSP-producers to non-DMSP-producers could not be accurately 

determined. However, Phaeocystis antarctica, a known DMSP-producer was observed to 

grow best under UVB-exposure in its flagellate form, while colonies were unaffected by 

UVR (Thomson et al., 2008). However, it is unknown whether DMSP-producers in 

general were favoured. 

Grazing on phytoplankton and bacteria was negligible in Expt. 1, due to low grazer 

abundances (see Chapter 2, sections 2.4.2 and 2.4.3). This may explain why DMSPp and 

DMSPd concentrations were not correlated (Table 5.1), as grazing was not controlling 

phytoplankton production to the extent reported in other studies (eg, Dacey & Wakeham, 

1986, Kuipers & Witte, 1999).  

5.4.3 Controls on DMS production - Experiment 1 

DMS concentrations during Expt. 1 were the highest of all three experiments. Although 

DMS production is controlled by the cycling and production of DMSP, DMS standing 

stocks are more likely to be controlled by photo-oxidation, microbial (especially 

bacterial) consumption, and flux to the atmosphere (Brimblecombe & Shooter, 1986; 

Kiene & Bates, 1990; Gonzalez et al., 1999). Expt. 1 displayed the highest concentrations 
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of bacteria by day 14, yet grazing on bacteria was negligible (see Chapter 2). There was 

no significant relationship observed between DMS and DMSPd concentrations. Although 

DMSPd can be the major source of DMS, most DMSPd metabolized by bacteria does not 

produce DMS and DMSPd turnover can be 10 times that of DMS (Zubkov et al., 2001). 

However, some α-proteobacteria (eg, Roseobacter) specialize in metabolizing low 

molecular weight organics such as DMSP, and often out-compete and dominate the 

bacterial community when DMSP concentrations are high (Kiene et al., 1999). DMSP 

was produced rapidly in this experiment in the first few days of incubation. The high 

DMSPd consumption observed was probably controlled by the bacterial community 

(Chapter 2), however, DMS did not accumulate. It is possible that DMS turnover was so 

rapid it could not be related to the other variables. This agrees with the findings of the 

culture experiments (Chapter 4) whereby DMS did not accumulate in any significant 

quantities despite high concentrations of DMSP. 

5.4.4 UVR Interactions - Experiment 2 

Thomson et al. (2008) found few significant treatment effects on protists during Expt. 2, 

with only one autotrophic dinoflagellate inhibited by UVB, and the growth of small 

heterotrophic flagellates promoted. Furthermore, grazing rates on phytoplankton in Expt. 

2 varied little between treatments (0.49-0.6 d-1, Chapter 2). Grazing rates increased on 

exposure to surface irradiances, resulting in the dominance of DMSPd after 13d. This 

indicates that grazer consumption of DMSP-producers was not affected by UVR climate, 

despite this experiment receiving the highest UVR doses.  

In contrast to the other two experiments, bacteria and Chl a were not correlated in this 

experiment. Phytoplankton are the ultimate source of bacterial substrates (Shiah & 

Ducklow, 1997). In Expt. 2, the lack of correlation between chl a and bacterial 

production indicates that another factor was determining the fate of the bacterial 

community – possibly the higher UVR observed in this experiment in contrast to the 

other two and/or the stronger top-down control from grazers.  

5.4.5 DMSP production and conversion - Experiment 2 

Despite the loss of some Expt. 2 samples (Fig. 5.3b and c), DMSPp and DMSPd 

concentrations were negatively correlated in all treatments, with DMSPp concentrations 
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generally declining over time. In contrast, DMSPd concentrations declined to day one, 

before increasing throughout the incubation (Table 5.1). The DMSPd increase that 

occurred as DMSPp declined suggests that DMSPp turnover was higher than that of 

DMSPd, in agreement with the DMSPp and DMSPd SS consumption rates calculated in 

Chapter 2 (Table 2.6), and the negative correlations identified (Table 5.1). 

The communities in Expt. 1 and 2 were similar, however, the initial DMSPd increase 

observed in Expt. 1 was absent in Expt. 2. DMSPp concentrations did not increase to the 

same extent as in Expt. 1 but the same initial pattern of increased production was 

observed. This community was taken from beneath the sea-ice after the fast ice cover had 

retreated approximately 9km between Expt. 1 and Expt. 2 to within 1.5km of the sample 

site (Thomson et al, 2008), increasing advection of light-acclimated cells to the study site. 

Coastal currents are known to advect microbes in to this site from the western side of the 

bay, which tends to be ice-free earlier (Gibson et al. 1997). In addition, the fast ice 

around the study site had begun to break up to the extent that tide cracks of up to and 

over 1m wide were common. Thus, the community had probably partially acclimated to 

surface irradiances, reducing the light stress response of rapid DMSP production seen in 

Expt. 1. Despite the community similarities, some species abundances changed in Expt. 

2, with fewer delicate cells such as naked flagellates, more armoured dinoflagellates, and 

the appearance of small numbers of diatoms.  

In contrast to Expt. 1, grazing was a significant control on bacterial production in Expt. 2 

(Table 2.4, Chapter 2). Bacterivores at this site generally increase with bacterial 

concentrations (Davidson & Marchant, 1992). DMSPd concentrations increased with 

incubation in all treatments, and were almost identical (around 70 nM) after 13d. 

Bacterial concentrations gradually declined to 14d, possibly resulting in reduced DMSPd 

consumption. However, grazing rates on bacteria varied, possibly due to the inhibition of 

some bacterivores (e.g. heterotrophic nanoflagellates) which can accumulate significantly 

higher levels of damage than other heterotrophs (Williamson et al., 1994; Cabrera et al., 

1997; Sommaruga & Buma, 2000). As bacterial growth rates were higher than grazing 

rates at the end of the incubation, it was likely that bacterial production had started to 

overtake grazer consumption, either due to an increase in substrates fuelling bacterial 

growth, and/or the death or UV-induced inhibition of bacterivores. Surprisingly, bacteria 
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and DMSPd concentrations were significantly correlated only in the PAR+UVA+H-UVB 

treatment. This treatment had the lowest phytoplankton and highest bacterial growth rates 

of the four treatments (see Chapter 2). As such, bacteria may have utilized DMSPd to a 

greater extent in this treatment if phytoplankton substrates were limiting, as DMSP can 

provide 15% and up to 100% of bacterial carbon and sulfur demand respectively (Simo et 

al., 2000; Zubkov et al., 2001). 

5.4.6 DMS and DMSO variability - Experiment 2 

No significant relationships were observed between DMS concentrations and any other 

variable, and DMS concentrations remained below 10 nM in all treatments of this 

experiment. The lack of any correlation between DMS and the other variables measured 

here mean it is difficult to draw any firm conclusions about production of DMS, or its 

conversion or consumption by other factors. Microbial and photochemical oxidation of 

DMS to DMSO can significantly reduce DMS concentrations (Harvey & Lang, 1986). In 

contrast, DMSO can also be reduced to DMS (Brimblecombe & Shooter, 1986). 

However, no significant relationship between DMS and DMSO concentrations was 

identified. In addition, no significant differences in DMS and DMSO concentrations were 

observed between UVB-exposed treatments and those exposed to PAR or PAR+UVA in 

this minicosm experiment. 

DMSO is known to be thermodynamically unstable, yet it often occurs in far greater 

concentrations in seawater than either DMS or DMSP (Simo et al., 1995; Lee et al., 

1999b; Hatton et al., 2002). It also readily undergoes conversion to DMS and 

dimethylsulfone (DMSO2). The slight increase in DMSO in all treatments between days 4 

and 14 may have resulted from the consumption of DMS as an anti-oxidant. However, 

DMSO concentrations were measured as DMSO total only, disallowing any speculation 

on fractionation. Furthermore, while the DMSO analysis methods used here were very 

complete (Simo et al., 1996 and 1998), it is unknown how well the storage method of 

Broadbent, (1997) was tested. It is probable that some over-estimation of DMSO 

concentrations occurred as the acidification step may have oxidized DMS to DMSO. This 

over-estimation is likely to have been minor, as concentrations of DMS were very low 



 112

compared to DMSO in Expt. 2 and 3. However, the DMSO concentrations presented 

have not been used to draw extensive conclusions. 

5.4.7 UVR Interactions – Experiment 3 

Thomson et al. (2008) observed more pronounced treatment effects in the communities of 

Expt. 3 compared to Expt. 1 and 2. However, this did not necessarily translate to marked 

changes in DMS, DMSP and DMSO concentrations between treatments.  

Grazing rates on phytoplankton varied more between treatments after 14d than in Expt. 2 

(Table 2.3, Chapter 2). However, Chl a concentrations did not differ markedly between 

treatments, except for a greater increase and subsequent decline in the PAR+UVA 

treatment, possibly due to the promotory effect UVA appeared to have on some 

autotrophs (section 5.3.2). While bacterivores were the dominant protozoa in Expt. 3 

(Section 5.3.2), phytoplankton began to decline following 7d incubation, due to increased 

grazing on phytoplankton and/or phytoplankton senescence. Given the lack of difference 

in Chl a concentrations between treatments, it is likely that both senescence and grazing 

were leading to the phytoplankton decline observed. In contrast, bacterial concentrations 

declined after 2d, probably due to top-down control by bacterivores (Chapter 2), but this 

decline may also have been due to the thinned stratospheric ozone observed during this 

experiment. While Chl a and bacterial concentrations were correlated in all but the 

PAR+UVA+L-UVB treatment, the relationship was negative, with concentrations of 

bacteria increasing as senescence proceeded. The increasing C:N ratios of this experiment 

(Appendix 2) further indicate that senescence was occurring due to nutrient depletion.  

In contrast to Expt. 1 and 2, cryptophytes and heterotrophic dinoflagellates were 

unaffected by light treatment (Thomson et al., 2008). P. antarctica flagellate growth was 

promoted by UVB exposure, which may have resulted in the slower increase in DMSPp 

concentrations observed in the PAR treatment (Fig. 5.6). This growth rate enhancement 

in the UVB treatment is more likely to be due to greater tolerance to UVB by P. 

antarctica, due to its production of anti-oxidants, rather than decreased grazing pressure 

due to UVB, as grazing rates in the high UVB treatment were almost identical to those in 

the PAR treatment (Chapter 2, section 2.3.2). 



 113

5.4.8 DMSP production and conversion – Experiment 3 

In contrast to Expt. 2, DMSPd production from DMSPp appeared to be affected by light 

treatment, as DMSPp and DMSPd concentrations were significantly correlated in the 

UVB-exposed treatments only. Increases in the concentration of DMSPd were around 60 

and 33% of the coincident DMSPp increases in the low and high UVB treatments 

respectively. In contrast to Expt. 2, DMSPp to DMSPd concentrations were positively 

correlated in these treatments, as DMSPp and DMSPd both generally increased in a 

similar manner to the Chl a, displaying a 2-4 day lag phase. The DMSPp increase was 

greater in proportion to the DMSPd. It is possible that this community had greater cause 

for production of DMSPp as this experiment progressed, despite the community being 

dominated by diatoms, generally low DMSP producers. Thomson et al., (2008), found 

that Expt. 3 was the most affected by UV of all three experiments, coinciding with a 

period of particularly strong ozone depletion of below 300 DU. It is possible that this 

community was under greater UV stress than the previous two, and as a result was 

increasing production of anti-oxidants including DMSP as the exposure period 

progressed, resulting in gradually increasing concentrations of DMSPp compared to 

DMSPd. 

DMSP production in Expt. 3 followed a roughly opposite trend to Expt. 1 and 2. As this 

experiment was collected from open water, there is little evidence of the light shock 

observed in the previous experiments. Chl a concentrations also increased rapidly, 

suggesting the community was acclimated to a high light climate.  

DMSPp concentrations roughly followed changes in Chl a concentrations, contrasting 

with Expt. 1 and 2, where DMSPp production per unit Chl a increased greatly in response 

to light exposure. Thomson et al. (2008) suggested that this experiment experienced more 

UVB-induced inhibition than the previous two, perhaps warranting anti-oxidant 

production by inhibited cells. However, DMSPp concentrations per unit Chl a remained 

low in contrast to the previous experiments, probably due to the diatom-dominated 

community employing other light tolerance mechanisms, either because diatoms are low 

DMSP-producers (Turner et al., 1995), or because the community was already light-

acclimated. However, DMSPp concentrations were positively correlated with Chl a 
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concentrations in three of the four treatments in this experiment (Table 5.3) suggesting 

DMSP was being produced at a relatively constant rate with phytoplankton growth. Thus, 

DMSP production in Expt. 3 contrasted with that of Expt. 1 and 2, where rapid early 

production was unrelated to phytoplankton biomass.  

DMSPd production was probably less related to cell mortality in this experiment, as its 

concentrations increased with DMSPp. The low DMSPd production per unit DMSPp 

suggests not all DMSPp degradation produced DMSPd. Other studies have noted DMSPp 

consumption or metabolism by grazers, and transferral to faecal pellets where it degrades 

via an unknown pathway (Wolfe et al., 1994; Kwint et al., 1996; Simo et al., 1998).  

Expt. 3 showed no evidence of the light stress induced DMSP synthesis that occurred in 

Expt. 1 and 2. DMSPp concentrations increased substantially in the PAR+UVA and 

PAR+UVA+H-UVB treatments only after 4d, and after 2 and 7d in the PAR+UVA+L-

UVB and PAR treatments respectively. This contrasted with Expt. 1 and 2, where 

exposure to surface irradiances induced immediate DMSP production. Rapid and chaotic 

changes to community composition and abundances that are often observed in UVR 

studies, due to varied species tolerances (Karentz et al., 1991; Helbling et al., 1994; 

Davidson, 2005). The lack of a DMSPp production response in Expt. 3 in comparison to 

Expt. 1 and 2 was most likely due to the acclimation of the Davis Bay community to 

higher irradiances after sea-ice breakout. P. antarctica flagellate concentrations increased 

with UVR dose, and were significantly higher in the UVB-exposed treatments after 7d 

(Thomson et al., 2008). It is possible P. antarctica was able to tolerate higher irradiances 

due to its production of DMSP as an anti-oxidant, and was therefore comparatively more 

successful in these treatments. Previous studies have noted that initial deleterious effects 

of UVB-exposure on phytoplankton can become unnoticeable or reversed in long 

incubations as species change, tolerances increase and communities acclimate (Bothwell 

et al., 1994; Cabrera et al., 1997). 

5.4.9 DMS and DMSO variability – Experiment 3 

DMS concentrations remained below 3nM in all treatments throughout the incubation. 

This may have been due to lower production rates than the previous experiments, 

increased consumption by bacteria, or increased photo- or bacterial oxidation of DMS. 
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Bacterial concentrations declined after 2d, despite the high growth rates and low 

predation rates calculated after 13d (Table 2.4, Chapter 2). While DMS consumption may 

have decreased with bacteria, bacterial metabolism of DMSPd to DMS may have also 

declined.  

DMSO concentrations during Expt. 3 varied the least of the two experiments in which it 

was measured. DMSO concentrations often exceed those of DMS and DMSP in seawater, 

yet few explanations exist for these high concentrations (Simo et al., 1995; Lee et al., 

1999b; Hatton et al., 2002). Algal production of DMSO is possible, and is thought to be 

species dependent and unrelated to DMSP production as it is not necessarily synthesized 

by the same species that produce DMSP (Simo et al., 1998; Lee et al., 1999b). 

Concentrations of total DMSO only were measured here, thus any phase changes 

resulting from community shifts or UV-exposure could not be observed. However, the 

relative abundance of DMSO strongly suggests it is a major contributor to sulfur 

dynamics in aquatic systems and deserves substantial scientific scrutiny. 

5.5 Conclusions 

Long-term exposure to UVB has been shown to result in community level acclimation by 

phytoplankton (Cabrera et al., 1997). This was largely upheld here, as concentrations of 

Chl a in each treatment were similar by the end of each incubation period. Subtle changes 

to species and groups were observed, but these differences were due to UVB or to UVA-

exposure only, rather than differences in UVB attenuation.  

In contrast, concentrations of DMS and DMSP often differed greatly over time from the 

biological parameters measured, and revealed far more about the light-related stress the 

communities were undergoing than observations of community composition. The large 

increases in DMSPp observed in the first and second experiments suggest increased UV-

tolerances of some species by their ability to produce DMSP rapidly. The DMSPp 

production and consumption rates calculated in Chapter 2 revealed that protozoan grazing 

on both phytoplankton and bacteria may control DMSP net production and even 

effectively mask the gross production occurring if concentrations alone are measured. 

However, microbial consumption was incapable of immediately controlling the rapid 

production of DMSP which occurred due to light shock in the first, and to a lesser extent, 
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the second experiment. However, DMSP concentrations dropped within days, probably 

due to reduced production as producers acclimated to the new light climate, its 

consumption as an anti-oxidant, and its excretion by the phytoplankton that produced it 

and subsequent consumption (as dissolved DMSP) by bacteria. If this phenomenon 

occurs naturally after sea-ice breakout, it may be a short-term but significant and 

previously overlooked source of DMSP and consequently DMS to the Antarctic 

atmosphere.  
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CHAPTER SIX - Conclusions 

One of the largest uncertainties in climate change research is the effect of atmospheric 

aerosols on solar radiation, due to the difficulties in quantifying their direct and indirect 

effects (Breon, 2006; Kaufman & Koren, 2006). DMS produced by phytoplankton is the 

most significant biogenic source of sulfate aerosols (e.g. SO4
2- and methanesulfonate - 

MSA), and accounts for around half the global flux of sulfur to the atmosphere (Charlson 

et al., 1987; Andreae, 1990; Ledyard & Dacey, 1996, Archer et al., 2001). Although 

sulfate aerosol concentrations have been strongly influenced by anthropogenic sources in 

recent decades in Northern high latitudes, the sulfate aerosol signal in Antarctic snow and 

ice-cores is still primarily marine and biogenic in origin (Legrand, 1997).  

The high seasonality of DMS production is also reflected in ice-core records, with a 

winter low due to low marine microbial activity followed by a bi-modal maximum in 

spring and summer. The origin of the distinct spring peak is unknown however, as it 

precedes the summer chlorophyll maximum. The spring peak can be larger than the 

summer peak, and the magnitude of the peaks is not necessarily correlated (Li et al., 

1993; Jaffrezo et al., 1994).  

Sea-ice algae and planktonic production in the SIZ are substantial contributors to aerosol 

production in the Southern Ocean. MSA in Antarctic ice cores has been shown to be 

significantly correlated with sea-ice extent around Antarctica (Curran et al., 2003).  

The seasonal ice zone (SIZ) produces much of the phytoplankton production in the 

Southern Ocean. At its maximum, Antarctic sea-ice extends to a latitude of around 60°S, 

except within the Weddell Sea sector, where it may extend further north. Antarctic sea-

ice has significantly greater seasonal variation than that of the Arctic, at around 1.6 × 107 

km2, or 80% (King & Turner, 1997). While sea-ice is a dynamic and challenging 

environment for microbial communities, it is responsible for a significant proportion of 

the primary production (PP) in Antarctic waters. Sea-ice algae alone can contribute up to 

35% of total PP in the SIZ (Lizotte, 2001). Furthermore, DMSP concentrations measured 

in sea-ice and surrounding waters can be extremely high in comparison to common open 

water concentrations, however estimates of DMS flux from sea-ice are difficult given the 
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dynamic nature of this environment (e.g. Trevena et al., 2005). In addition, the southward 

retreat of sea-ice in spring releases fresh water that stabilizes the water column and 

fosters the development of phytoplankton blooms in the high-light, high nutrient waters. 

Such SIZ blooms can contribute 25-67% of all phytoplankton production in the Southern 

Ocean (Smith & Nelson, 1986).  

However, phytoplankton inhabiting Antarctic waters are likely to experience light stress. 

Sea ice greatly attenuates incoming solar radiation, and phytoplankton beneath sea ice 

subsist on as little as 0.1% of surface radiation (SooHoo et al., 1987). The incremental 

break-out of sea ice during spring/summer suddenly exposes phytoplankton to a light 

climate to which they are utterly unaccustomed. Furthermore, they are trapped in a 

shallow mixed layer where they are exposed to high irradiance PAR, UVA and UVB, 

during the period of greatest ozone depletion. Smith et al. (1992) observed that ozone 

depletion reduced primary production by 6-12% in the SIZ. Thus, DMS and DMSP 

production in the SIZ is likely to be strongly affected by solar radiation, and the light 

stress associated with retreating sea ice. 

This thesis describes the first use of the minicosm system to examine the effect of natural 

solar radiation on sulfur production by three Antarctic marine microbial communities 

occurring in the SIZ. The three experiments were temporally spaced over the summer to 

examine both the effects of changing irradiances, as well as the changing community 

structure. It was essential that a rigid experimental design was maintained to ensure that 

effects to community composition, structure and function could be observed and 

compared not only within but between experiments, over the entire spring/summer period 

of ozone depletion. The four light treatments used produced unusually rapid and large 

changes in DMSP concentrations.  

Acclimation (Expt. 1) or compositional change (Expt. 2 and 3) predominantly determined 

the fates of the exposed communities. Community and species-specific UVR effects were 

dependent on light acclimation and/or changes in ozone concentration over Davis Station. 

Ozone concentrations declined throughout the summer, with the lowest concentrations 

occurring during Expt. 3 in January. UVA effects (Expt. 1) were replaced by a 

predominantly deleterious UVB effect (Expt. 3), possibly due to ozone concentrations 
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falling below an hypothesized threshold for UV-induced inhibition of 300 Dobson Units 

(Nunez et al., 2006; Thomson et al., in press).  

DMSP concentrations increased rapidly when communities acclimated to sub-ice light 

were exposed to surface irradiances during Expt. 1 and to a lesser extent Expt. 2. The 

speed with which the DMSPp was produced (24-48h) suggests it was not due to either 

acclimation, compositional change of the exposed communities, or the growth of DMSP-

producers being favoured. In addition, UVA effects were significant in this community, 

but only after 7-14d, at least 5d after the DMSP production response. Thus, DMSP-

producers had rapidly synthesized well over a 100× increase in DMSPp concentration per 

unit Chl a in the first 2d of Expt. 1, probably as an anti-oxidant in response to light stress 

when exposed to surface irradiances. Although the increase was greatest in the 

PAR+UVA treatment, all light treatments were affected.  

In Expt. 2, UVR irradiances reached their maximum for the summer. However, few 

significant UVR effects on protists were observed (Thomson et al, in prep) possibly due 

to community acclimation to surface irradiances (the sea-ice had begun to break-out and 

significant leads were present) and/or advection of cells from open water in Davis Bay. 

Despite this, a similar but smaller response of rapid DMSP production occurred which 

was once again unrelated to phytoplankton growth parameters.  

These results strongly suggest that the rapid disappearance of sea-ice and subsequent 

stress-related synthesis of DMSP by phytoplankton could be a major short-term 

contributor to the hitherto unexplained spring MSA peak observed in ice-core records. 

Sea-ice is often blown rapidly off-shore in Davis Bay due to the strong prevailing winds. 

The stress-induced production of DMSP described here may well occur immediately after 

the loss of sea-ice in the SIZ region. While the summer peak is attributed to increasing 

phytoplankton bloom formation and microbial activity, the cause of the spring peak is 

unknown. The spring peak has been correlated with sea surface temperature anomalies 

(SSTA) in the northern hemisphere (Li et al., 1993). It is possible that the warming of the 

surface ocean also corresponds to the loss of sea-ice.  

The rapid production of DMSP could lead to an equally rapid loading of DMS in the 

water column. Furthermore, the highest concentrations of DMS observed (e.g. PAR 
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treatment of Expt. 1) either coincided with or occurred immediately after the DMSP 

stress response, although the rate of flux from the minicosm tanks is unknown. Given 

rapid sea-ice loss and low bacterial consumption, my results suggest a sudden stress-

induced induction of DMS and subsequently MSA production could result from light 

stress. 

A slower stress response appeared to occur in the diatom dominated community of Expt. 

3, where ozone concentrations were frequently <300DU. While diatoms are low DMSP-

producers, their contribution to methylated sulfur production is probably substantial due 

to their widespread dominance of the phytoplankton community in the Southern Ocean 

(Trevena et al., 2003). DMSPp concentrations increased exponentially during Expt. 3 and 

commonly correlated with Chl a in contrast to the previous two experiments. However, 

as the incubation progressed, DMSPp production per unit Chl a increased, while DMS 

concentrations remained very low, perhaps due to bacterial consumption. Bacteria play a 

pivotal role in determining whether enhanced DMSPp production is translated into 

enhanced DMS flux (Gonzalez et al., 2000; Pinhassi et al., 2005). Low bacterial 

concentrations early in the summer may enhance DMS production from DMSP and flux 

at this time.  

While DMS concentrations remained low, consumption rates of DMSP calculated in 

Chapter 2 often matched production rates, showing that the concentrations of DMSPd 

and DMSPp measured during the minicosms were only a fraction of the actual quantities 

being produced. DMS consumption and production rates were generally not able to be 

calculated, yet the dynamic nature of the DMSP pool suggests similarly high rates of 

DMS production, in conjunction with a short life-time of DMS in the water column. 

Bacterial consumption is likely to have been the main factor removing DMS from the 

water column. Future studies calculating DMS flux which do not take into account 

biological turnover rates in conjunction with concentrations may result in significant 

under-estimates. 

In this study, light-induced stress affected DMSPp production more so than UVR-

induced changes to community composition. The rate of DMSPp production was largely 

determined by the light stress experienced by the community, rather than UV-induced 
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changes to community composition. While DMS was produced as a result of the stress-

induced production of DMSP early in the summer, this was not the case during the main 

production period which coincided with the greatest ozone depletion.  

Light stress may lead to reduced DMS production over time if sea-ice extent is reduced. 

Curran et al., (2003) found that sea-ice extent has declined by 20% since the 1950’s. The 

SIZ contributes much of the primary production in the Southern Ocean within and 

beneath the ice itself, and as the ice retreats (see above). Furthermore, there would be a 

reduction in the stress-induced synthesis of DMSP if sea-ice extent continued to decline. 

Thus, it is likely that a decline in the SIZ would result in a decline in DMS production, 

with ramifications for the southern hemisphere’s aerosol production and the nucleation of 

cloud. Reduced cloud formation would reduce global albedo. Thus, a feedback may occur 

between global warming and reduced global albedo that would, in turn, potentially 

exacerbate global warming. The response of Antarctic marine microbial communities to 

such a reduction in cloud is uncertain. However, global warming has been predicted to 

enhance thermal stratification of near-surface waters, especially at high latitudes, thereby 

trapping cells in a high-light environment (Williamson & Zagarese, 2003). Any decline in 

cloud nucleation would increase the solar irradiances to which near-surface 

phytoplankton are exposed, and may reduce their growth, survival and productivity in 

Antarctic waters. Such additional stress would potentially further reduce the evolution of 

DMS in the Southern Ocean. 
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7: (Appendix 1) Species Concentrations for each Minicosm Experiment  
 
Table 7.1.1 Autotrophic species concentrations in the PAR treatment, Expt. 1. 

 0 1 2 4 7 14 

Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Cryptophyte sp. 1 52727 5756 38347 5650 40264 8786 151469 24487 190135 17267 1408037 96270 
Geminigera cryophila 1917 1121 479 479 959 959 52727 13761 17576 6338 302578 30882 
Phaeocystis antarctica 54165 8296 80528 9444 168725 15527 185981 15370 367488 23008 614144 42116 
Pyraminonas gelidicola 29719 3866 26363 4280 16297 4459 111205 19354 15978 5437 1027568 67098 
Dictyocha speculum 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. < 5 um flagellates 357582 26098 520075 32680 648057 51552 473580 42376 270024 27182 362495 40886 
Haptophyte sp. 1 0 0 2397 952 10545 3255 11504 2918 1598 1598 0 0 
Pterosperma sp. 0 0 1438 785 0 0 2876 1571 0 0 5992 4124 

Dinoflagellates                        
Gymnodinium sp. 2 3355 1049 0 0 959 959 1917 1917 3196 3196 2996 2996 
Gymnodinium sp. 3 6711 2098 7669 2264 17256 4592 9587 3262 35151 10079 14979 7370 
Polarella glacialis 1917 880 1438 785 959 959 959 959 0 0 20971 9983 
Polarella glacialis cyst 0 0 0 0 0 0 0 0 0 0 2996 2996 

Diatoms                        
Pseudo-nitchzia longissima  1917 1121 959 660 0 0 0 0 0 0 0 0 
Navicula glacei 5752 1759 1917 880 0 0 0 0 0 0 5992 4124 
Navicula sp. 479 479 479 479 0 0 2876 2098 0 0 0 0 
Nitzschia lecointei  8149 3053 0 0 0 0 959 959 0 0 0 0 
Pseudogomphonema 
kamtschaticum 479 479 0 0 0 0 0 0 0 0 2996 2996 
Fragilariopsis curta 0 0 0 0 0 0 0 0 0 0 0 0 
Fragilariopsis cylindrus 0 0 1917 1121 1917 1917 3835 2243 1598 1598 0 0 
Plagiotropis gaussii  0 0 0 0 0 0 0 0 0 0 0 0 
Manguinea rigida  0 0 1438 1049 1917 1320 0 0 0 0 0 0 
Coscinodiscus sp. 1917 880 0 0 0 0 0 0 0 0 0 0 
Chaetoceros simplex 0 0 4314 1770 0 0 0 0 0 0 0 0 
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Table 7.1.2 Heterotrophic species and bacterial concentrations in the PAR treatment, Expt. 1. 
 

Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Leucocryptus marina 3355 1438 3355 1438 3835 1759 0 0 0 0 0 0 
Heterotrophic flagellates 
(<10 um) 43140 5039 38826 3776 14380 4991 297186 27593 153386 19341 200720 38211 
Cryothecomonas armigera 4314 1471 1438 785 0 0 8628 4049 4793 2618 0 0 

Dinoflagellates                        
Gymodinium 1 3355 1049 959 660 3835 1759 14380 4371 3196 2199 14979 5952 
Gymnodinium 4 3355 1259 3355 1438 0 0 24925 7106 7989 3174 83883 17058 
Gyrodinium lachcryma 7669 2155 4793 1475 2876 1571 29719 9784 9587 4082 65908 11418 
Gyrodinium lachcryma cysts 0 0 0 0 0 0 0 0 0 0 0 0 
Protoperidinium charcoti 479 479 0 0 959 959 9587 2602 1598 1598 0 0 
Prorocentrum antarctica 479 479 0 0 0 0 5752 2016 0 0 11983 5498 

Ciliates, tintinids, 
euglenoids                        

Strombidium sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Rimostrombidium glacicolum 0 0 0 0 0 0 1917 1917 4793 2618 50929 12504 
Tintinnopsis sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. ciliate 1 0 0 0 0 0 0 0 0 0 0 5992 4124 
Unid. ciliate 2 0 0 0 0 0 0 0 0 0 0 2996 2996 
Eutreptiella sp. (Euglenoid) 3355 1049 0 0 1917 1320 7669 2565 3196 2199 0 0 
Choanoflagellates                        
Unid. choanoflagellate 0 0 479 479 0 0 0 0 0 0 0 0 
Total bacteria 
concentrations 233542   309830   222276   229942   242844   1000208   
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Table 7.1.3 Autotrophic species concentrations in the PAR+UVA treatment, Expt. 1. 
 
 

  0 1 2 4 7 14 

Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Cryptophyte sp. 1 52727 5756 38347 5650 140444 15082 86280 9982 158659 8892 294827 39195 
Geminigera cryophila 1917 1121 479 479 44099 7341 11504 4898 15818 2229 181034 25032 
Phaeocystis antarctica 54165 8296 80528 9444 555066 52003 216658 19725 175435 10388 742241 60886 
Pyraminonas gelidicola 29719 3866 26363 4280 91073 10986 85321 13010 25884 3940 323276 35772 
Dictyocha speculum 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. < 5 um flagellates 357582 26098 520075 32680 201799 16914 131337 18415 29719 5383 75000 21052 
Haptophyte sp. 1 0 0 2397 952 0 0 2876 1571 0 0 0 0 
Pterosperma sp. 0 0 1438 785 0 0 0 0 0 0 0 0 

Dinoflagellates                        
Gymnodinium sp. 2 3355 1049 0 0 2876 1225 959 959 0 0 0 0 
Gymnodinium sp. 3 6711 2098 7669 2264 12463 2876 10545 3539 6711 1408 5172 3560 
Polarella glacialis 1917 880 1438 785 3835 1759 0 0 0 0 2586 2586 
Polarella glacialis cyst 0 0 0 0 0 0 0 0 0 0 0 0 

Diatoms                        
Pseudo-nitchzia longissima  1917 1121 959 660 959 660 0 0 0 0 0 0 
Navicula glacei 5752 1759 1917 880 9587 2602 0 0 0 0 0 0 
Navicula sp. 479 479 479 479 959 660 0 0 0 0 0 0 
Nitzschia lecointei  8149 3053 0 0 0 0 0 0 0 0 0 0 
Pseudogomphonema 
kamtschaticum 479 479 0 0 0 0 0 0 0 0 2586 2586 
Fragilariopsis curta 0 0 0 0 0 0 959 959 479 479 2586 2586 
Fragilariopsis cylindrus 0 0 1917 1121 7669 2918 0 0 959 959 0 0 
Plagiotropis gaussii  0 0 0 0 0 0 0 0 0 0 0 0 
Manguinea rigida  0 0 1438 1049 1917 1121 959 959 0 0 0 0 
Coscinodiscus sp. 1917 880 0 0 0 0 0 0 0 0 0 0 
Chaetoceros simplex 0 0 4314 1770 0 0 0 0 0 0 0 0 
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Table 7.1.4 Heterotrophic species and bacterial concentrations in the PAR+UVA treatment, Expt. 1. 
 

  0 1 2 4 7 14 

Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Leucocryptus marina 3355 1438 3355 1438 3355 1438 0 0 0 0 0 0 
Heterotrophic flagellates (<10 
um) 43140 5039 38826 3776 43140 5039 58478 8739 23487 3711 181034 30600 
Cryothecomonas armigera 4314 1471 1438 785 4314 1471 0 0 0 0 0 0 

Dinoflagellates                        
Gymodinium 1 3355 1049 959 660 6711 1853 3835 2243 5273 1627 0 0 
Gymnodinium 4 3355 1259 3355 1438 9107 2553 2876 1571 2876 1225 0 0 
Gyrodinium lachcryma 7669 2155 4793 1475 8628 2399 9587 2951 7669 2369 2586 2586 
Gyrodinium lachcryma cysts 0 0 0 0 1438 785 0 0 479 479 0 0 
Protoperidinium charcoti 479 479 0 0 479 479 0 0 479 479 0 0 
Prorocentrum antarctica 479 479 0 0 479 479 0 0 0 0 0 0 

Ciliates, tintinids, 
euglenoids                        

Strombidium sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Rimostrombidium glacicolum 0 0 0 0 3355 1049 2876 2098 2876 1008 0 0 
Tintinnopsis sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. ciliate 1 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. ciliate 2 0 0 0 0 0 0 0 0 0 0 0 0 
Eutreptiella sp. (Euglenoid) 3355 1049 0 0 3355 1049 0 0 0 0 0 0 
Choanoflagellates                        
Unid. choanoflagellate 0 0 479 479 0 0 0 0 0 0 0 0 
Total bacteria 
concentrations 233542   252614   183243   197734   223257   1237875   
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Table 7.1.5 Autotrophic species concentrations in the PAR+UVA+Low-UVB treatment, Expt. 1. 
 

  0 1 2 4 7 14 

Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Cryptophyte sp. 1 52727 5756 30677 3847 30198 4131 94428 9260 364292 40001 858620 230964 
Geminigera cryophila 1917 1121 479 479 959 660 55602 3654 61354 11005 434482 71828 
Phaeocystis antarctica 54165 8296 140924 14101 116957 18850 273698 27936 628883 43934 1944826 192893 
Pyraminonas gelidicola 29719 3866 22049 4404 15818 3208 49371 7564 2876 1571 615517 100822 
Dictyocha speculum 0 0 0 0 0 0 959 660 0 0 0 0 
Unid. < 5 um flagellates 357582 26098 37388 5427 31157 7257 62792 13512 168725 25253 393103 118092 
Haptophyte sp. 1 0 0 5752 2243 0 0 0 0 6711 2517 0 0 
Pterosperma sp. 0 0 0 0 0 0 0 0 0 0 0 0 

Dinoflagellates                        
Gymnodinium sp. 2 3355 1049 959 660 959 660 1917 1121 3835 2639 25862 14773 
Gymnodinium sp. 3 6711 2098 4793 1631 4793 1475 13421 3292 1917 1320 15517 11320 
Polarella glacialis 1917 880 0 0 479 479 959 660 0 0 0 0 
Polarella glacialis cyst 0 0 0 0 0 0 0 0 0 0 0 0 

Diatoms                        
Pseudo-nitchzia longissima  1917 1121 0 0 0 0 0 0 0 0 0 0 
Navicula glacei 5752 1759 959 660 959 660 479 479 959 959 0 0 
Navicula sp. 479 479 0 0 0 0 0 0 0 0 0 0 
Nitzschia lecointei  8149 3053 0 0 0 0 0 0 0 0 0 0 
Pseudogomphonema 
kamtschaticum 479 479 0 0 479 479 0 0 0 0 0 0 
Fragilariopsis curta 0 0 1438 1049 0 0 0 0 0 0 0 0 
Fragilariopsis cylindrus 0 0 1438 1049 0 0 0 0 7669 2918 0 0 
Plagiotropis gaussii  0 0 0 0 0 0 0 0 959 959 0 0 
Manguinea rigida  0 0 0 0 0 0 1438 785 0 0 0 0 
Coscinodiscus sp. 1917 880 0 0 479 479 0 0 0 0 0 0 
Chaetoceros simplex 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 7.1.6 Heterotrophic species and bacterial concentrations in the PAR+UVA+Low-UVB treatment, Expt. 1. 
 

  0 1 2 4 7 14 

Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Leucocryptus marina 3355 1438 0 0 0 0 0 0 0 0 0 0 
Heterotrophic flagellates (<10 
um) 43140 5039 12942 2806 11983 2397 74296 10242 78610 12277 444827 77304 
Cryothecomonas armigera 4314 1471 0 0 0 0 0 0 2876 1571 0 0 

Dinoflagellates                        
Gymodinium 1 3355 1049 1917 1320 2397 1179 3835 2016 6711 2517 36207 22856 
Gymnodinium 4 3355 1259 11025 3427 10066 2456 15818 2118 2876 1571 0 0 
Gyrodinium lachcryma 7669 2155 10545 1827 9587 1967 19173 3110 20132 3803 15517 8474 
Gyrodinium lachcryma cysts 0 0 1438 1049 1917 880 2876 1225 0 0 0 0 
Protoperidinium charcoti 479 479 0 0 3355 1742 1917 1121 959 959 0 0 
Prorocentrum antarctica 479 479 1438 785 479 479 2397 1179 0 0 10345 7120 

Ciliates, tintinids, 
euglenoids                        

Strombidium sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Rimostrombidium glacicolum 0 0 0 0 2876 1008 6711 2317 8628 3539 25862 10277 
Tintinnopsis sp. 0 0 1438 785 0 0 0 0 0 0 0 0 
Unid. ciliate 1 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. ciliate 2 0 0 0 0 0 0 0 0 0 0 0 0 
Eutreptiella sp. (Euglenoid) 3355 1049 0 0 479 479 959 959 959 959 0 0 
Choanoflagellates                        
Unid. choanoflagellate 0 0 0 0 0 0 0 0 0 0 0 0 
Total bacteria 
concentrations 233542   331567   194649   210917   180579   1361926   
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Table 7.1.7 Autotrophic species concentrations in the PAR+UVA+High-UVB treatment, Expt. 1. 
 

  0 1 2 4 7 14 

Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Cryptophyte sp. 1 52727 5756 26843 5324 64710 6774 42181 8415 220493 19647 973044 78385 
Geminigera cryophila 1917 1121 0 0 11025 1438 12463 3752 7669 3519 182146 40939 
Phaeocystis antarctica 54165 8296 127502 12088 452489 38901 278012 22190 401680 29686 1121637 51626 
Pyraminonas gelidicola 29719 3866 13901 2823 55123 8137 44099 5405 142841 13873 632718 53263 
Dictyocha speculum 0 0 0 0 479 479 0 0 0 0 0 0 
Unid. < 5 um flagellates 357582 26098 132775 15258 214741 27438 194609 20314 220493 11925 328342 45110 
Haptophyte sp. 1 0 0 5273 2025 9587 2199 6711 2876 1917 1320 0 0 
Pterosperma sp. 0 0 0 0 0 0 959 959 0 0 0 0 

Dinoflagellates                        
Gymnodinium sp. 2 3355 1049 479 479 3355 1259 2876 2098 1917 1917 2397 2397 
Gymnodinium sp. 3 6711 2098 1917 880 19173 3335 8628 3803 10545 3255 2397 2397 
Polarella glacialis 1917 880 0 0 5752 2132 0 0 959 959 2397 2397 
Polarella glacialis cyst 0 0 0 0 479 479 0 0 0 0 0 0 

Diatoms                        
Pseudo-nitchzia longissima  1917 1121 479 479 0 0 0 0 0 0 0 0 
Navicula glacei 5752 1759 0 0 2876 1408 0 0 0 0 0 0 
Navicula sp. 479 479 0 0 959 660 0 0 0 0 0 0 
Nitzschia lecointei  8149 3053 0 0 0 0 0 0 0 0 0 0 
Pseudogomphonema 
kamtschaticum 479 479 0 0 0 0 0 0 959 959 0 0 
Fragilariopsis curta 0 0 479 479 2397 1369 1917 1320 2876 2098 0 0 
Fragilariopsis cylindrus 0 0 0 0 5273 2025 1917 1320 2876 2098 0 0 
Plagiotropis gaussii  0 0 0 0 0 0 0 0 0 0 4793 3299 
Manguinea rigida  0 0 1438 785 0 0 0 0 0 0 0 0 
Coscinodiscus sp. 1917 880 0 0 0 0 0 0 0 0 2397 2397 
Chaetoceros simplex 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 7.1.8 Heterotrophic species and bacterial concentrations in the PAR+UVA+High-UVB treatment, Expt. 1. 
 
 

  0 1 2 4 7 14 

Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Leucocryptus marina 3355 1438 0 0 0 0 10545 2593 19173 3934 21570 6482 
Heterotrophic flagellates (<10 
um) 43140 5039 75734 8515 82924 5747 203237 13298 218575 17943 306772 29793 
Cryothecomonas armigera 4314 1471 0 0 959 660 0 0 0 0 0 0 

Dinoflagellates                        
Gymodinium 1 3355 1049 479 479 6711 1408 0 0 8628 2593 4793 3299 
Gymnodinium 4 3355 1259 1917 880 4314 1627 959 959 0 0 2397 2397 
Gyrodinium lachcryma 7669 2155 2397 952 8149 1876 6711 2517 44099 11049 9587 5607 
Gyrodinium lachcryma cysts 0 0 0 0 0 0 0 0 0 0 0 0 
Protoperidinium charcoti 479 479 0 0 959 660 959 959 13421 4421 0 0 
Prorocentrum antarctica 479 479 1438 1049 959 660 2876 1571 0 0 4793 3299 

Ciliates, tintinids, 
euglenoids                        

Strombidium sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Rimostrombidium glacicolum 0 0 0 0 3835 1282 0 0 1917 1320 11983 4762 
Tintinnopsis sp. 0 0 0 0 0 0 0 0 1917 1320 0 0 
Unid. ciliate 1 0 0 479 479 0 0 959 959 0 0 0 0 
Unid. ciliate 2 0 0 0 0 0 0 0 0 2876 1571 0 0 
Eutreptiella sp. (Euglenoid) 3355 1049 0 0 3835 1459 0 0 3835 1759 0 0 
Choanoflagellates                        
Unid. choanoflagellate 0 0 0 0 0 0 0 0 0 0 0 0 
Total bacteria 
concentrations 233542   202503   179130   115042   184366   1091000   
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Table 7.2.1 Autotrophic species concentrations in the PAR treatment, Expt. 2. 
 0 1 2 4 7 14 

Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Cryptophyte sp.  1 2076274 150666 1047532 79273 645181 40703 563215 76294 1962385 217737 8548085 1309758 
Geminigera cryophila 16441 6167 72811 15420 32595 4839 54644 6993 120792 9237 1278218 198075 
Phaeocystis antarctica 131529 21980 164411 45403 43140 6355 49851 6127 92032 17239 575198 112622 
Pyraminonas gelidicola 72811 17863 30533 9803 41223 9150 13421 3292 103536 13798 415421 93021 
Dictyocha speculum 2349 2349 0 0 2876 1571 479 479 1917 1320 0 0 
Unid. < 5 um flagellates 591879 57471 453304 37529 235831 22519 127023 12574 997969 149344 4425831 588899 
Unid. haptophyte (4 um) 0 0 0 0 0 0 0 0 0 0 0 0 
Pterosperma sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Dunaiella/telemena? 0 0 0 0 22049 4459 9107 2456 22049 4459 0 0 
Unid. flagellate 1 14092 6900 4697 3233 1917 1320 1917 1121 0 0 303577 78532 
Unid. green chains 4697 4697 0 0 0 0 0 0 0 0 0 0 
Oltmannisella sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. chrysophyte 0 0 0 0 0 0 0 0 0 0 0 0 

Dinoflagellates                         
Gymnodinium 2 (20 um)  44626 12037 18790 6284 36429 6205 6231 2118 69024 11998 239666 56192 
Gymnodinium 3 (10 - 15 um) 185549 32236 72811 20862 58478 9065 27322 3951 172559 28096 15978 15978 
Gymnodinium 5 (10 um) 54021 10379 136226 16660 55602 6800 23967 3442 61354 15212 2460570 393496 
Polarella glacialis 0 0 0 0 0 0 0 0 0 0 0 0 
Polarella glacialis cyst 2349 2349 2349 2349 0 0 479 479 0 0 0 0 

Diatoms                         
Nitchzia subcurvata  0 0 0 0 0 0 0 0 0 0 0 0 
Pseudo-nitchzia longissima (large) 25836 9317 0 0 11504 4265 959 660 0 0 47933 34967 
Pseudo-nitchzia longissima (small) 2349 2349 0 0 0 0 0 0 0 0 0 0 
Pseudo-nitchzia longissima (curved) 0 0 0 0 0 0 0 0 0 0 0 0 
Navicula glacei 46975 9639 0 0 1917 1320 959 959 1917 1320 0 0 
Navicula sp. (90 um) 2349 2349 0 0 0 0 0 0 0 0 0 0 
Nitzschia lecointei (20 - 30 um) 9395 5495 0 0 0 0 0 0 0 0 0 0 
Diatom 3 (pippette 35um) 2349 2349 0 0 0 0 0 0 0 0 0 0 
Pseudogomphonema kamtschaticum 2349 2349 0 0 0 0 0 0 0 0 0 0 
Fragilariopsis curta 0 0 0 0 959 959 2397 1536 13421 4839 0 0 
Fragilariopsis cylindrus 75159 20276 0 0 0 0 2397 1369 26843 7147 0 0 
Plagiotropis gaussii (120um)  2349 2349 0 0 0 0 0 0 0 0 0 0 
Manguinea rigida (50um) 0 0 0 0 0 0 0 0 0 0 0 0 
Coscinodiscus sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Chaetoceros simplex 9395 4311 0 0 959 959 1438 785 7669 3519 0 0 
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Table 7.2.2 Heterotrophic species and bacterial concentrations in the PAR treatment, Expt. 2. 
 

  0 1 2 4 7 14 

Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Leucocryptus marina 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. <10 um heterotrophs 84554 15087 328822 52242 54644 6107 52727 6043 141882 15199 271621 47933 
Cryothecomonas armigera 7046 5140 0 0 81486 15974 479 479 0 0 0 0 

Dinoflagellates                         
Gymodinium 1 157365 18121 136226 24313 69024 6435 13901 2553 139965 16928 239666 65057 
Gymnodinium 4 (30um) 0 0 0 0 0 0 0 0 0 0 0 0 
Gyrodinium lachcryma 16441 5140 16441 7046 9587 3262 1917 880 7669 2155 4535 4535 
Gyrodinium lachcryma cysts? 0 0 0 0 0 0 0 0 0 0 0 0 
Protoperidinium charcoti 2349 2349 14092 11854 1917 1320 959 660 5752 2016 4535 4535 
Prorocentrum antarctica 9395 5495 35231 9563 1917 1320 1917 880 1917 1320 4535 4535 
Oxytoxum sp. 2349 2349 0 0 959 959 0 0 0 0 0 0 

Ciliates, tintinids, euglenoids                         
Strombidium 0 0 0 0 0 0 0 0 0 0 4535 4535 
Rimostrombidium glacicolum 7046 5140 16441 6167 10545 3539 1917 880 9587 4055 22677 9011 
Tintinnopsis sp. (tintinnid) 0 0 0 0 0 0 479 479 0 0 0 0 
Unid. Ciliate 1 (40 um) 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. Ciliate 2 ( 70 um) 2349 2349 0 0 0 0 0 0 0 0 0 0 

Choanoflagellates                         
Unid. Choanoflagellate 7046 5140 82205 30836 1917 1320 7669 2565 6711 2098 95866 40818 
Total bacterial concentrations 433698   262033   650527   759766   480535   102152   
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Table 7.2.3 Autotrophic species concentrations in the PAR+UVA treatment, Expt. 2. 
 0 1 2 4 7 14 

Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Cryptophyte sp.  1 2076274 150666 1329379 97414 377714 19787 371962 27022 851613 91896 14648382 2458779 
Geminigera cryophila 16441 6167 70462 13417 19173 4343 31636 8492 38347 8858 2358313 438345 
Phaeocystis antarctica 131529 21980 162062 27575 76214 10280 36429 5718 71900 12882 594372 109437 
Pyraminonas gelidicola 72811 17863 46975 11805 4793 2144 10545 3255 33553 9965 901144 147928 
Dictyocha speculum 2349 2349 2349 2349 0 0 0 0 0 0 0 0 
Unid. < 5 um flagellates 591879 57471 547253 57155 111684 9744 196526 14177 546438 65485 5943715 1028758 
Unid. haptophyte (4 um) 0 0 0 0 0 0 0 0 0 0 0 0 
Pterosperma sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Dunaiella/telemena? 0 0 68113 12037 12463 1718 8628 5106 46335 9691 0 0 
Unid. flagellate 1 14092 6900 100995 69531 10066 2251 15339 5130 121431 13237 325946 122137 
Unid. green chains 4697 4697 753941 108811 7190 3101 11504 4898 9587 6598 0 0 
Oltmannisella sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. chrysophyte 0 0 0 0 0 0 0 0 0 0 0 0 

Dinoflagellates                         
Gymnodinium 2 (20 um)  44626 12037 16441 8537 1438 1438 959 959 14380 3647 95866 47170 
Gymnodinium 3 (10 - 15 um) 185549 32236 61067 15279 8628 1373 13421 4421 20771 5325 191733 90146 
Gymnodinium 5 (10 um) 54021 10379 93949 14855 46495 6964 48892 7291 127822 22236 2722605 678534 
Polarella glacialis 0 0 0 0 0 0 0 0 0 0 0 0 
Polarella glacialis cyst 2349 2349 0 0 0 0 0 0 0 0 0 0 

Diatoms                         
Nitchzia subcurvata  0 0 0 0 2397 1369 0 0 0 0 0 0 
Pseudo-nitchzia longissima (large) 25836 9317 4697 3233 479 479 959 959 1598 1598 0 0 
Pseudo-nitchzia longissima (small) 2349 2349 0 0 0 0 0 0 0 0 0 0 
Pseudo-nitchzia longissima (curved) 0 0 0 0 0 0 0 0 0 0 0 0 
Navicula glacei 46975 9639 28185 8621 479 479 0 0 0 0 0 0 
Navicula sp. (90 um) 2349 2349 0 0 0 0 959 959 3196 3196 0 0 
Nitzschia lecointei (20 - 30 um) 9395 5495 0 0 0 0 0 0 0 0 0 0 
Diatom 3 (pippette 35um) 2349 2349 4697 3233 0 0 0 0 0 0 0 0 
Pseudogomphonema kamtschaticum 2349 2349 0 0 0 0 0 0 0 0 0 0 
Fragilariopsis curta 0 0 4697 4697 0 0 0 0 3196 3196 0 0 
Fragilariopsis cylindrus 75159 20276 39928 15345 29239 7538 11504 4696 28760 10598 0 0 
Plagiotropis gaussii (120um)  2349 2349 0 0 0 0 0 0 0 0 0 0 
Manguinea rigida (50um) 0 0 0 0 0 0 0 0 0 0 0 0 
Coscinodiscus sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Chaetoceros simplex 9395 4311 4697 4697 0 0 1917 1917 0 0 0 0 
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Table 7.2.4 Heterotrophic species and bacterial concentrations in the PAR+UVA treatment, Expt. 2. 
 

  0 1 2 4 7 14 

Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Leucocryptus marina 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. <10 um heterotrophs 84554 15087 204339 29763 94908 9809 55602 5885 131017 22703 345119 91847 
Cryothecomonas armigera 7046 5140 0 0 0 0 0 0 0 0 0 0 

Dinoflagellates                         
Gymodinium 1 157365 18121 93949 14051 25884 5654 19173 5015 22369 6993 56778 19897 
Gymnodinium 4 (30um) 0 0 0 0 0 0 0 0 0 0 0 0 
Gyrodinium lachcryma 16441 5140 9395 4311 0 0 1917 1320 6391 4972 9463 9463 
Gyrodinium lachcryma cysts? 0 0 0 0 0 0 0 0 0 0 0 0 
Protoperidinium charcoti 2349 2349 0 0 0 0 2876 2098 7989 4564 18926 13026 
Prorocentrum antarctica 9395 5495 2349 2349 1438 785 4793 2359 0 0 9463 9463 
Oxytoxum sp. 2349 2349 0 0 479 479 0 0 0 0 0 0 

Ciliates, tintinids, euglenoids                         
Strombidium 0 0 0 0 0 0 0 0 0 0 0 0 
Rimostrombidium glacicolum 7046 5140 2349 2349 479 479 1917 1320 1598 1598 18926 13026 
Tintinnopsis sp. (tintinnid) 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. Ciliate 1 (40 um) 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. Ciliate 2 ( 70 um) 2349 2349 0 0 0 0 0 0 0 0 0 0 

Choanoflagellates                         
Unid. Choanoflagellate 7046 5140 9395 4311 7190 2857 2876 1571 20771 5325 66242 28389 
Total bacterial concentrations 433698   459168   585883   1085986   394602   141279   
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Table 7.2.5 Autotrophic species concentrations in the PAR+UVA+Low-UVB treatment, Expt. 2. 
 0 1 2 4 7 14 

Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Cryptophyte sp.  1 2076274 150666 1432675 79564 221451 8458 848417 91491 982630 124410 13037827 1363156 
Geminigera cryophila 16441 6167 54356 9919 18694 2356 91073 23330 78291 13006 2358313 438345 
Phaeocystis antarctica 131529 21980 163069 33161 82924 10415 83084 13398 100660 20379 1016184 176550 
Pyraminonas gelidicola 72811 17863 23296 7662 0 0 17576 5899 33553 9691 651891 136571 
Dictyocha speculum 2349 2349 0 0 959 660 0 0 0 0 0 0 
Unid. < 5 um flagellates 591879 57471 778459 37206 78610 7606 423410 48622 472941 52692 6825686 1137066 
Unid. haptophyte (4 um) 0 0 0 0 2397 1179 0 0 0 0 0 0 
Pterosperma sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Dunaiella/telemena? 0 0 25237 6469 1917 1121 44738 7476 19173 6306 0 0 
Unid. flagellate 1 14092 6900 36885 7167 3355 1438 89475 14589 73498 12068 383465 100305 
Unid. green chains 4697 4697 0 0 0 0 0 0 0 0 0 0 
Oltmannisella sp. 0 0 7765 3563 0 0 23967 6506 17576 7136 0 0 
Unid. chrysophyte 0 0 0 0 959 959 0 0 0 0 0 0 

Dinoflagellates                         
Gymnodinium 2 (20 um)  44626 12037 1941 1941 959 660 3196 2199 7989 6506 76693 44858 
Gymnodinium 3 (10 - 15 um) 185549 32236 124243 14527 13421 2729 65509 12798 49531 11701 479332 152056 
Gymnodinium 5 (10 um) 54021 10379 211601 21539 8628 2942 201319 40094 166168 27587 3297803 538291 
Polarella glacialis 0 0 0 0 0 0 0 0 0 0 0 0 
Polarella glacialis cyst 2349 2349 0 0 0 0 0 0 0 0 19173 19173 

Diatoms                         
Nitchzia subcurvata  0 0 9706 3857 0 0 0 0 0 0 0 0 
Pseudo-nitchzia longissima (large) 25836 9317 15530 7126 2397 1179 0 0 0 0 0 0 
Pseudo-nitchzia longissima (small) 2349 2349 0 0 3355 1438 0 0 14380 3647 76693 35189 
Pseudo-nitchzia longissima (curved) 0 0 0 0 0 0 0 0 0 0 0 0 
Navicula glacei 46975 9639 13589 5824 2876 1008 3196 2199 0 0 0 0 
Navicula sp. (90 um) 2349 2349 0 0 0 0 0 0 0 0 0 0 
Nitzschia lecointei (20 - 30 um) 9395 5495 3883 3883 0 0 0 0 0 0 0 0 
Diatom 3 (pippette 35um) 2349 2349 0 0 0 0 0 0 0 0 0 0 
Pseudogomphonema kamtschaticum 2349 2349 0 0 0 0 0 0 0 0 0 0 
Fragilariopsis curta 0 0 0 0 0 0 0 0 0 0 0 0 
Fragilariopsis cylindrus 75159 20276 73769 15658 15339 3292 67106 12024 75095 15251 0 0 
Plagiotropis gaussii (120um)  2349 2349 3883 2672 0 0 0 0 0 0 0 0 
Manguinea rigida (50um) 0 0 0 0 0 0 0 0 0 0 0 0 
Coscinodiscus sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Chaetoceros simplex 9395 4311 15530 7662 0 0 9587 6993 52727 17849 0 0 
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Table 7.2.6 Heterotrophic species and bacterial concentrations in the PAR+UVA+Low-UVB treatment, Expt. 2. 
 

  0 1 2 4 7 14 
Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 

Flagellates                         
Leucocryptus marina 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. <10 um heterotrophs 84554 15087 87358 14328 80528 10761 99062 11094 78291 9691 325946 93413 
Cryothecomonas armigera 7046 5140 0 0 0 0 0 0 0 0 0 0 

Dinoflagellates                         
Gymodinium 1 157365 18121 83476 13589 22049 4061 28760 5631 49531 9691 66242 28389 
Gymnodinium 4 (30um) 0 0 0 0 0 0 0 0 0 0 0 0 
Gyrodinium lachcryma 16441 5140 0 0 1917 1121 4793 2618 0 0 37852 17368 
Gyrodinium lachcryma cysts? 0 0 0 0 0 0 0 0 0 0 0 0 
Protoperidinium charcoti 2349 2349 7765 6041 4793 1475 0 0 1598 1598 0 0 
Prorocentrum antarctica 9395 5495 0 0 0 0 0 0 0 0 9463 9463 
Oxytoxum sp. 2349 2349 0 0 0 0 0 0 0 0 0 0 

Ciliates, tintinids, euglenoids                         
Strombidium 0 0 0 0 0 0 0 0 0 0 0 0 
Rimostrombidium glacicolum 7046 5140 0 0 2876 1008 4793 2618 0 0 18926 13026 
Tintinnopsis sp. (tintinnid) 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. Ciliate 1 (40 um) 0 0 0 0 959 660 0 0 1598 1598 0 0 
Unid. Ciliate 2 ( 70 um) 2349 2349 0 0 0 0 0 0 0 0 0 0 

Choanoflagellates                         
Unid. Choanoflagellate 7046 5140 0 0 2876 1225 6391 3738 12782 4863 18926 13026 
Total bacterial concentrations 433698   521200   580658   1025981   467966   104213   
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Table 7.2.7 Autotrophic species concentrations in the PAR+UVA+High-UVB treatment, Expt. 2. 
 0 1 2 4 7 14 

Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Cryptophyte sp.  1 2076274 150666 1737866 504484 580950 63714 1048778 44665 1239872 68246 7247498 568703 
Geminigera cryophila 16441 6167 303705 68263 74776 9321 115040 7093 103855 19791 977837 148450 
Phaeocystis antarctica 131529 21980 71708 20551 17256 4377 45057 4873 143800 16637 1150396 149813 
Pyraminonas gelidicola 72811 17863 59054 19451 29719 7021 67106 8404 75095 8759 268426 68709 
Dictyocha speculum 2349 2349 0 0 1917 1320 1917 1320 0 0 19173 19173 
Unid. < 5 um flagellates 591879 57471 919550 65031 310607 31889 397845 19517 546438 43735 1380476 153386 
Unid. haptophyte (4 um) 0 0 0 0 0 0 0 0 0 0 0 0 
Pterosperma sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Dunaiella/telemena? 0 0 46399 9629 14380 3071 11504 3232 47933 8518 0 0 
Unid. flagellate 1 14092 6900 54836 17606 5752 2449 0 0 0 0 172559 51859 
Unid. green chains 4697 4697 0 0 0 0 0 0 0 0 0 0 
Oltmannisella sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. chrysophyte 0 0 0 0 0 0 0 0 0 0 0 0 

Dinoflagellates                         
Gymnodinium 2 (20 um)  44626 12037 12654 6911 26843 9057 18215 4502 38347 7896 38347 26392 
Gymnodinium 3 (10 - 15 um) 185549 32236 210906 28379 31636 4001 56561 4712 49531 10490 249253 75035 
Gymnodinium 5 (10 um) 54021 10379 210906 44346 38347 8111 12463 3195 83084 17099 268426 100690 
Polarella glacialis 0 0 0 0 0 0 0 0 0 0 0 0 
Polarella glacialis cyst 2349 2349 0 0 0 0 0 0 0 0 0 0 

Diatoms                         
Nitchzia subcurvata  0 0 0 0 0 0 0 0 0 0 0 0 
Pseudo-nitchzia longissima (large) 25836 9317 16872 7742 3835 2243 0 0 0 0 0 0 
Pseudo-nitchzia longissima (small) 2349 2349 4218 4218 0 0 959 959 0 0 0 0 
Pseudo-nitchzia longissima (curved) 0 0 0 0 0 0 0 0 0 0 0 0 
Navicula glacei 46975 9639 63272 10377 0 0 959 959 0 0 19173 19173 
Navicula sp. (90 um) 2349 2349 0 0 0 0 0 0 0 0 19173 19173 
Nitzschia lecointei (20 - 30 um) 9395 5495 0 0 0 0 0 0 0 0 0 0 
Diatom 3 (pippette 35um) 2349 2349 0 0 0 0 0 0 0 0 0 0 
Pseudogomphonema kamtschaticum 2349 2349 4218 4218 959 959 0 0 0 0 0 0 
Fragilariopsis curta 0 0 0 0 1917 1320 0 0 0 0 0 0 
Fragilariopsis cylindrus 75159 20276 37963 15574 35471 7654 38347 7745 17576 7136 0 0 
Plagiotropis gaussii (120um)  2349 2349 4218 4218 0 0 0 0 0 0 0 0 
Manguinea rigida (50um) 0 0 0 0 0 0 0 0 0 0 0 0 
Coscinodiscus sp. 0 0 0 0 0 0 0 0 0 0 0 0 
Chaetoceros simplex 9395 4311 4218 4218 0 0 13421 4421 17576 7136 0 0 
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Table 7.2.8 Heterotrophic species and bacterial concentrations in the PAR+UVA+High-UVB treatment, Expt. 2. 
 

  0 1 2 4 7 14 

Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                         

Leucocryptus marina 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. <10 um heterotrophs 84554 15087 50617 11285 47933 8742 84362 8507 132615 14529 1016184 137066 
Cryothecomonas armigera 7046 5140 8436 5806 0 0 959 959 1598 1598 0 0 

Dinoflagellates                         
Gymodinium 1 157365 18121 143416 31267 88197 16245 103536 11249 60715 9808 56778 24175 
Gymnodinium 4 (30um) 0 0 0 0 0 0 0 0 0 0 0 0 
Gyrodinium lachcryma 16441 5140 4218 4218 14380 6506 23967 6201 15978 6349 11426 3897 
Gyrodinium lachcryma cysts? 0 0 0 0 0 0 0 0 0 0 0 0 
Protoperidinium charcoti 2349 2349 8436 5806 6711 2517 13421 5223 3196 2199 8887 2778 
Prorocentrum antarctica 9395 5495 16872 9869 2876 1571 959 959 3196 2199 5078 2970 
Oxytoxum sp. 2349 2349 0 0 0 0 0 0 0 0 0 0 

Ciliates, tintinids, euglenoids                         
Strombidium 0 0 0 0 0 0 0 0 0 0 0 0 
Rimostrombidium glacicolum 7046 5140 8436 5806 12463 4873 3835 2243 6391 4399 3809 2080 
Tintinnopsis sp. (tintinnid) 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. Ciliate 1 (40 um) 0 0 0 0 0 0 0 0 0 0 0 0 
Unid. Ciliate 2 ( 70 um) 2349 2349 0 0 0 0 0 0 0 0 0 0 

Choanoflagellates                       0 
Unid. Choanoflagellate 7046 5140 12654 6911 7669 4486 1917 1320 4793 2618 66242 20710 
Total bacterial concentrations 433698   602528   509438   949319   318805   82135   
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Table 7.3.1a Autotrophic species concentrations in the PAR treatment, Expt. 3 – Flagellates and Dinoflagellates. 
 

 0 2 4 7 14 
Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 

Flagellates                     
Cryptophytes 36374 5768 25462 4548 149635 16690 702633 126397 417321 98937 
Phaeocystis antarctic (flagellates) 24855 3781 59617 9303 526443 32807 1703353 163473 11592 11592 
Phaeocystis antarctic (colonies) 0 0 0 0 0 0 74522 74522 0 0 
Chrysophytes 0 0 621 621 0 0 63876 34884 23185 15957 
Unid. 5 - 10 um flagellates 13337 4021 2484 1453 5441 2497 42584 19539 46369 21276 
Other unid. flagellates < 5 um 32130 4919 41608 7921 47611 8345 809093 114139 92738 35282 
Pyramimonas geldicola 1212 834 1242 855 5441 3183 10646 10646 34777 18992 

Dinoflagellates                     
Gymnodinium 1 (10-15 um) 3637 1549 1242 855 4081 2229 0 0 34777 18992 
Gymnodinium 3 (20 um) 0 0 0 0 0 0 0 0 0 0 
Other autotrophic dinoflagellates 0 0 621 621 0 0 0 0 11592 11592 
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Table 7.3.1b Autotrophic species concentrations in the PAR treatment, Expt. 3 - Diatoms. 
 

 0 2 4 7 14 
Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 

Diatoms                     
Nitzschia subcurvata 64866 8027 68933 10133 335998 25298 2693427 203918 8068215 761661 
Nitzschia cf. delicatissima 8487 2172 8073 3026 9522 5324 1352036 163674 2700997 336932 
Nitzschia prolongatoides 6062 2063 3105 1528 65295 12231 63876 34884 115923 79783 
Cylindrotheca closterium 2425 1113 1242 855 0 0 42584 19539 185476 31913 
Nitzschia lecointei 0 0 0 0 1360 1360 0 0 0 0 
Other Nitzschia sp. 0 0 0 0 0 0 0 0 0 0 
Fragilariopsis curta 16368 3760 33535 5984 126509 13714 117106 68167 34777 25370 
Fragilariopsis cylindrus 7881 2530 6210 2297 0 0 606819 186180 938973 177587 
Fragilariopsis pseudonana 63048 6847 109919 14397 270703 15849 3310892 265071 4358691 455255 
Fragilariopsis kerguelensis 2425 1669 0 0 0 0 21292 21292 0 0 
Navicula glaciei 10306 1327 8694 2718 2721 1872 42584 24907 104330 51774 
Nitzschia taeniformis 9093 2901 4968 2763 4081 2977 0 0 0 0 
Other Navicula spp 1819 993 1242 855 0 0 0 0 0 0 
Other Pennate 3031 1491 6831 2464 0 0 0 0 185476 31913 
Thalassiosira ambigua 58198 7597 129171 11447 391771 24366 2267589 169405 3106726 255307 
Thalassiosira pacifica 0 0 2484 2484 0 0 0 0 0 0 
Thalassiosira hispida 4244 1819 1242 1242 1360 1360 0 0 23185 15957 
Thalassiosira gravida 606 606 621 621 0 0 0 0 208661 67069 
Chaetoceros peruvianum 0 0 621 621 0 0 21292 14654 11592 11592 
Chaetoseros bulbosum 1212 1212 0 0 2721 2721 0 0 150699 138980 
Chaetoceros simplex 14549 1669 27325 4090 160517 9649 2374048 156977 2341637 203860 
Chaetoceros dichaeta 0 0 0 0 4081 4081 0 0 69554 69554 
Other Chaetoceros sp 0 0 621 621 1360 1360 21292 21292 0 0 
Chaetoceros hendeyi 0 0 0 0 0 0 0 0 0 0 
Dactylosolens antarcticus 12731 2708 18009 3183 44890 7191 330025 54558 382545 69909 
Eucampia antarctica 0 0 0 0 5441 5441 0 0 57961 47201 
Odontella weisflogii 0 0 1242 1242 2721 2721 0 0 0 0 

 
 
 
 



 
16

1

T
ab

le
 7

.3
.2

 H
et

er
ot

ro
ph

ic
 sp

ec
ie

s a
nd

 b
ac

te
ria

l c
on

ce
nt

ra
tio

ns
 in

 th
e 

PA
R

 tr
ea

tm
en

t, 
Ex

pt
. 3

. 
 

  
0 

2 
4 

7 
14

 

H
et

er
ot

ro
ph

ic
 p

ro
tis

ts
 

M
ea

n 
S.

E 
M

ea
n 

S.
E 

M
ea

n 
S.

E 
M

ea
n 

S.
E 

M
ea

n 
S.

E 
Fl

ag
el

la
te

s 
  

  
  

  
  

  
  

  
  

  
Le

uc
oc

ry
pt

os
 s

em
ig

er
a 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

Le
uc

oc
ry

pt
os

 m
ar

in
a 

36
37

4 
56

32
 

31
05

1 
59

43
 

24
07

76
 

18
64

9 
22

35
65

 
44

96
8 

12
75

15
 

42
80

0 
U

ni
d.

 5
 - 

10
 u

m
 fl

ag
el

la
te

s 
60

62
 

20
63

 
43

47
 

22
57

 
0 

0 
0 

0 
34

77
7 

18
99

2 
O

th
er

 u
ni

d.
 fl

ag
el

la
te

s 
0 

0 
0 

0 
0 

0 
15

96
89

 
40

50
2 

0 
0 

P
ol

yt
om

a 
pa

pi
lla

ta
 

24
25

 
11

13
 

24
84

 
14

53
 

27
21

 
18

72
 

0 
0 

10
43

30
 

35
58

1 
U

ni
d.

 F
la

ge
lla

te
 1

 5
x8

 u
m

 
0 

0 
0 

0 
0 

0 
0 

0 
57

96
1 

23
03

1 
O

th
er

 F
la

g 
(<

 5
 u

m
) 

32
73

6 
48

26
 

42
85

0 
12

13
8 

39
44

9 
69

71
 

53
22

98
 

64
61

8 
11

59
2 

11
59

2 
U

ni
d.

 B
od

on
id

 
0 

0 
0 

0 
0 

0 
59

61
74

 
66

61
8 

0 
0 

D
io

nf
la

ge
lla

te
s 

  
  

  
  

  
  

  
  

  
  

G
ym

od
in

iu
m

 s
p.

 1
 

18
19

 
99

3 
31

05
 

15
28

 
0 

0 
0 

0 
0 

0 
G

ym
od

in
iu

m
 s

p.
 6

 
0 

0 
0 

0 
13

60
 

13
60

 
10

64
6 

10
64

6 
0 

0 
P

ro
to

pe
rid

in
iu

m
 s

p.
 

0 
0 

62
1 

62
1 

0 
0 

0 
0 

0 
0 

P
ro

ro
ce

nt
ru

m
 s

p.
 

0 
0 

0 
0 

13
60

 
13

60
 

0 
0 

23
18

5 
15

95
7 

O
th

er
 H

et
 D

in
o 

60
6 

60
6 

0 
0 

27
21

 
27

21
 

31
93

8 
17

44
2 

0 
0 

C
ili

at
es

, t
in

tin
id

s,
 e

ug
le

no
id

s 
  

  
  

  
  

  
  

  
  

  
R

hi
m

os
tro

m
bi

di
um

 g
la

ci
co

lu
m

 
0 

0 
62

1 
62

1 
0 

0 
0 

0 
11

59
2 

11
59

2 
S

tro
m

bi
di

um
 g

la
ci

al
e 

0 
0 

0 
0 

0 
0 

0 
0 

11
59

2 
11

59
2 

S
tro

m
bi

di
um

 s
p.

 (2
0µ

m
) 

0 
0 

0 
0 

40
81

 
29

77
 

0 
0 

23
18

5 
15

95
7 

O
th

er
 c

ili
at

es
 

0 
0 

62
1 

62
1 

0 
0 

0 
0 

0 
0 

C
ho

an
of

la
ge

lla
te

s 
  

  
  

  
  

  
  

  
  

  
P

ar
vi

co
rb

ic
ul

a 
so

ci
al

is
 

12
12

 
83

4 
12

42
 

85
5 

12
24

3 
60

76
 

87
29

68
 

13
00

65
 

19
12

72
3 

62
86

37
 

B
ic

os
ta

 s
pi

ni
fe

ra
 

17
58

1 
28

47
 

28
56

7 
58

46
 

10
61

05
 

11
66

0 
81

97
39

 
94

30
8 

30
13

99
 

73
50

9 
C

rin
ol

in
a 

ap
er

ta
 

24
25

 
11

13
 

18
63

 
10

17
 

40
81

 
29

77
 

74
52

2 
23

29
9 

15
06

99
 

30
43

9 
D

ia
ph

an
oe

ca
 m

ul
tia

nn
ul

at
a 

12
12

 
83

4 
12

42
 

85
5 

54
41

 
24

97
 

15
96

89
 

48
54

1 
13

91
07

 
42

55
1 

O
th

er
 C

ho
an

of
la

ge
lla

te
s 

60
6 

60
6 

0 
0 

40
81

 
22

29
 

63
87

6 
31

27
7 

0 
0 

To
ta

l b
ac

te
ria

l c
on

ce
nt

ra
tio

ns
 

48
36

44
 

  
59

84
53

 
  

45
54

17
 

  
15

62
16

 
  

87
72

8 
  

  

 161

Table 7.3.2 Heterotrophic species and bacterial concentrations in the PAR treatment, Expt. 3. 
 

  0 2 4 7 14 

Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                     

Leucocryptos semigera 0 0 0 0 0 0 0 0 0 0 
Leucocryptos marina 36374 5632 31051 5943 240776 18649 223565 44968 127515 42800 
Unid. 5 - 10 um flagellates 6062 2063 4347 2257 0 0 0 0 34777 18992 
Other unid. flagellates 0 0 0 0 0 0 159689 40502 0 0 
Polytoma papillata 2425 1113 2484 1453 2721 1872 0 0 104330 35581 
Unid. Flagellate 1 5x8 um 0 0 0 0 0 0 0 0 57961 23031 
Other Flag (< 5 um) 32736 4826 42850 12138 39449 6971 532298 64618 11592 11592 
Unid. Bodonid 0 0 0 0 0 0 596174 66618 0 0 

Dionflagellates                     
Gymodinium sp. 1 1819 993 3105 1528 0 0 0 0 0 0 
Gymodinium sp. 6 0 0 0 0 1360 1360 10646 10646 0 0 
Protoperidinium sp. 0 0 621 621 0 0 0 0 0 0 
Prorocentrum sp. 0 0 0 0 1360 1360 0 0 23185 15957 
Other Het Dino 606 606 0 0 2721 2721 31938 17442 0 0 

Ciliates, tintinids, euglenoids                     
Rhimostrombidium glacicolum 0 0 621 621 0 0 0 0 11592 11592 
Strombidium glaciale 0 0 0 0 0 0 0 0 11592 11592 
Strombidium sp. (20µm) 0 0 0 0 4081 2977 0 0 23185 15957 
Other ciliates 0 0 621 621 0 0 0 0 0 0 

Choanoflagellates                     
Parvicorbicula socialis 1212 834 1242 855 12243 6076 872968 130065 1912723 628637 
Bicosta spinifera 17581 2847 28567 5846 106105 11660 819739 94308 301399 73509 
Crinolina aperta 2425 1113 1863 1017 4081 2977 74522 23299 150699 30439 
Diaphanoeca multiannulata 1212 834 1242 855 5441 2497 159689 48541 139107 42551 
Other Choanoflagellates 606 606 0 0 4081 2229 63876 31277 0 0 
Total bacterial concentrations 483644   598453   455417   156216   87728   
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Table 7.3.3a Autotrophic species concentrations in the PAR+UVA treatment, Expt. 3 – Flagellates and Dinoflagellates. 
 

 0 2 4 7 14 
Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 

Flagellates                     
Cryptophytes 36374 5768 45556 6119 109003 7786 126214 42363 471971 59497 
Phaeocystis antarctic (flagellates) 24855 3781 0 0 0 0 0 0 12420 12420 
Phaeocystis antarctic (colonies) 0 0 62279 4763 349956 13916 2248899 296693 12420 12420 
Chrysophytes 13337 4021 0 0 0 0 0 0 124203 124203 
Unid. 5 - 10 um flagellates 32130 4919 1730 945 0 0 539277 100270 37261 20349 
Other unid. flagellates < 5 um 1212 834 38636 4898 55075 6945 0 0 0 0 
Pyramimonas geldicola 0 0 1153 794 1147 1147 0 0 0 0 

Dinoflagellates                     
Gymnodinium 1 (10-15 um) 3637 1549 2883 1419 2295 1579 22948 15794 12420 12420 
Gymnodinium 3 (20 um) 0 0 5767 2439 0 0 0 0 12420 12420 
Other autotrophic dinoflagellates 0 0 0 0 0 0 0 0 12420 12420 
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Table 7.3.3b Autotrophic species concentrations in the PAR+UVA treatment, Expt. 3 – Diatoms. 
 

 0 2 4 7 14 
Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 

Diatoms                     
Nitzschia subcurvata 64866 8027 87652 6449 247838 16531 2753754 123466 9253110 428692 
Nitzschia cf. delicatissima 8487 2172 3460 1890 5737 3277 1411299 158180 1320276 214409 
Nitzschia prolongatoides 6062 2063 17300 3788 40159 6633 0 0 235985 52463 
Cylindrotheca closterium 2425 1113 1730 945 1147 1147 45896 21058 173884 48019 
Nitzschia lecointei 0 0 0 0 1147 1147 0 0 0 0 
Other Nitzschia sp. 0 0 0 0 0 0 0 0 0 0 
Fragilariopsis curta 16368 3760 54206 5681 111298 11078 240953 73469 24841 24841 
Fragilariopsis cylindrus 7881 2530 0 0 0 0 481907 101130 509232 102697 
Fragilariopsis pseudonana 63048 6847 106105 13941 367167 19769 0 0 2570998 320998 
Fragilariopsis kerguelensis 2425 1669 2307 1349 0 0 0 0 0 0 
Navicula glaciei 10306 1327 4037 1922 6884 3371 160636 55466 173884 48019 
Nitzschia taeniformis 9093 2901 2883 1419 0 0 0 0 0 0 
Other Navicula spp. 1819 993 577 577 0 0 0 0 0 0 
Other Pennate 3031 1491 1730 1262 0 0 172110 49597 186304 53687 
Thalassiosira ambigua 58198 7597 212209 16103 338482 26631 4417480 465219 5961735 321870 
Thalassiosira pacifica 0 0 0 0 0 0 0 0 0 0 
Thalassiosira hispida 4244 1819 2883 2028 6884 6884 11474 11474 149043 45591 
Thalassiosira gravida 606 606 2883 2883 0 0 0 0 124203 45945 
Chaetoceros peruvianum 0 0 577 577 0 0 0 0 0 0 
Chaetoseros bulbosum 1212 1212 1730 1730 3442 3442 0 0 37261 27182 
Chaetoceros simplex 14549 1669 40943 3291 149162 17579 642543 109929 1515274 202208 
Chaetoceros dichaeta 0 0 577 577 0 0 0 0 0 0 
Other Chaetoceros sp. 0 0 4037 3478 2295 2295 0 0 24841 17096 
Chaetoceros hendeyi 0 0 0 0 0 0 0 0 49681 49681 
Dactylosolens antarcticus 12731 2708 17876 1958 40159 4035 332745 58801 434710 71803 
Eucampia antarctica 0 0 0 0 0 0 0 0 74522 44509 
Odontella weisflogii 0 0 0 0 0 0 0 0 0 0 
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Table 7.3.4 Heterotrophic species and bacterial concentrations in the PAR+UVA treatment, Expt. 3. 
 

  0 2 4 7 14 

Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                     

Leucocryptos semigera 36374 5632 0 0 0 0 0 0 0 0 
Leucocryptos marina 0 0 34599 4879 181289 15066 229479 57671 86942 27182 
Unid. 5 - 10 um flagellates 6062 2063 577 577 0 0 11474 11474 37261 20349 
Other unid. flagellates 0 0 2883 1146 0 0 745808 211815 74522 26115 
Polytoma papillata 32736 4826 0 0 0 0 0 0 0 0 
Unid. Flagellate 1 5x8 um 0 0 35176 5453 33275 5880 172110 52316 111783 38122 
Other Flag (< 5 um) 0 0 0 0 0 0 355693 58801 0 0 
Unid. Bodonid                     

Dinoflagellates                     
Gymodinium sp. 1 1819 993 4037 1262 4590 2106 0 0 0 0 
Gymodinium sp. 6 0 0 0 0 2295 1579 0 0 0 0 
Protoperidinium sp. 0 0 0 0 0 0 11474 11474 0 0 
Prorocentrum sp. 0 0 577 577 3442 2511 0 0 12420 12420 
Other Het Dino 606 606 577 577 1147 1147 0 0 12420 12420 

Ciliates, tintinids, euglenoids                     
Rhimostrombidium glacicolum 0 0 0 0 0 0 0 0 0 0 
Strombidium glaciale 0 0 0 0 0 0 0 0 0 0 
Strombidium sp. (20µm) 0 0 1153 794 1147 1147 0 0 0 0 
Other ciliates 0 0 577 577 0 0 0 0 12420 12420 

Choanoflagellates                     
Parvicorbicula socialis 17581 2847 9803 5375 42454 19927 998236 329733 2012086 761363 
Bicosta spinifera 2425 1113 36906 4777 119329 11242 849074 129064 484391 92726 
Crinolina aperta 1212 834 2883 1146 2295 1579 57370 22796 74522 26115 
Diaphanoeca multiannulata 606 606 1153 794 0 0 137688 38687 186304 39790 
Other Choanoflagellates 0 0 0 0 3442 1880 0 0 0 0 
Total bacterial concentrations 483644   491814   369059   135386   66234   
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Table 7.3.5a Autotrophic species concentrations in the PAR+UVA+L-UVB treatment, Expt. 3 – Flagellates and Dinoflagellates. 
 

 0 2 4 7 14 
Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 

Flagellates                     
Cryptophytes 36374 5768 64009 6974 64615 4674 471261 97036 438259 90010 
Phaeocystis antarctic (flagellates) 24855 3781 0 0 0 0 19636 19636 0 0 
Phaeocystis antarctic (colonies) 0 0 83615 7617 291049 22146 4751881 429161 67424 28708 
Chrysophytes 13337 4021 0 0 0 0 0 0 0 0 
Unid. 5 - 10 um flagellates 32130 4919 577 577 0 0 58908 32171 67424 23628 
Other unid. flagellates < 5 um 1212 834 45556 4465 24160 3289 1649413 185955 44950 34970 
Pyramimonas geldicola 0 0 0 0 562 562 0 0 0 0 

Dinoflagellates                     
Gymnodinium 1 (10-15 um) 3637 1549 2883 1146 1686 921 39272 27029 11237 11237 
Gymnodinium 3 (20 um) 0 0 3460 1473 562 562 19636 19636 0 0 
Other autotrophic dinoflagellates 0 0 577 577 0 0 0 0 11237 11237 
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Table 7.3.5b Autotrophic species concentrations in the PAR+UVA+L-UVB treatment, Expt. 3 – Diatoms. 
 

 0 2 4 7 14 
Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 

Diatoms                     
Nitzschia subcurvata 64866 8027 58819 6028 44950 5707 1060337 148316 1460862 154252 
Nitzschia cf. delicatissima 8487 2172 577 577 0 0 196359 53301 438259 50189 
Nitzschia prolongatoides 6062 2063 4613 1543 1686 921 176723 53111 179798 90194 
Cylindrotheca closterium 2425 1113 3460 1473 0 0 39272 27029 112374 34588 
Nitzschia lecointei 0 0 2883 1419 0 0 39272 27029 0 0 
Other Nitzschia sp. 0 0 0 0 0 0 19636 19636 0 0 
Fragilariopsis curta 16368 3760 42096 7307 94394 14059 255266 235415 33712 24593 
Fragilariopsis cylindrus 7881 2530 0 0 0 0 1217424 315849 932704 230745 
Fragilariopsis pseudonana 63048 6847 103221 9594 255651 15806 6008577 509737 2932961 311281 
Fragilariopsis kerguelensis 2425 1669 577 577 0 0 0 0 0 0 
Navicula glaciei 10306 1327 8650 2348 5057 1283 98179 48308 325885 109953 
Nitzschia taeniformis 9093 2901 16146 6609 0 0 19636 19636 0 0 
Other Navicula spp 1819 993 0 0 562 562 0 0 0 0 
Other Pennate 3031 1491 2883 1146 562 562 0 0 179798 44950 
Thalassiosira ambigua 58198 7597 193180 8235 274754 14342 6126393 435265 3404931 213386 
Thalassiosira pacifica 0 0 0 0 0 0 58908 42973 0 0 
Thalassiosira hispida 4244 1819 4037 2548 #N/A #N/A 137451 81957 89899 30065 
Thalassiosira gravida 606 606 0 0 0 0 392717 207416 44950 34970 
Chaetoceros peruvianum 0 0 0 0 0 0 19636 19636 33712 24593 
Chaetoseros bulbosum 1212 1212 1730 1262 562 562 98179 79952 0 0 
Chaetoceros simplex 14549 1669 54782 5283 106193 8608 2297397 221193 2011494 149859 
Chaetoceros dichaeta 0 0 0 0 0 0 0 0 22475 22475 
Other Chaetoceros sp. 0 0 1730 1262 1124 1124 0 0 22475 22475 
Chaetoceros hendeyi 0 0 0 0 0 0 0 0 0 0 
Dactylosolens antarcticus 12731 2708 6920 2565 15170 2970 137451 58908 78662 29507 
Eucampia antarctica 0 0 0 0 0 0 196359 176780 89899 59686 
Odontella weisflogii 0 0 0 0 0 0 157087 157087 11237 11237 
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Table 7.3.6 Heterotrophic species and bacterial concentrations in the PAR+UVA+L-UVB treatment, Expt. 3. 
 

  0 2 4 7 14 

Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 
Flagellates                     

Leucocryptos semigera 36374 5632 0 0 0 0 0 0 0 0 
Leucocryptos marina 0 0 23643 3967 151143 7493 255266 71369 0 0 
Unid. 5 - 10 um flagellates 6062 2063 577 577 0 0 19636 19636 56187 22326 
Other unid. flagellates 0 0 1153 794 0 0 78543 61106 0 0 
Polytoma papillata 32736 4826 0 0 0 0 0 0 0 0 
Unid. Flagellate 1 5x8 um 0 0 35753 3005 10676 2509 1786864 149339 44950 26291 
Other Flag (< 5 um) 0 0 0 0 0 0 0 0 0 0 
Unid. Bodonid                     

Dinoflagellates                     
Gymodinium sp. 1 1819 993 10956 2955 1686 921 0 0 0 0 
Gymodinium sp. 6 0 0 0 0 0 0 19636 19636 11237 11237 
Protoperidinium sp. 0 0 0 0 0 0 0 0 0 0 
Prorocentrum sp. 0 0 0 0 1686 1230 19636 19636 11237 11237 
Other Het Dino 606 606 1153 794 562 562 0 0 0 0 

Ciliates, tintinids, euglenoids                     
Rhimostrombidium glacicolum 0 0 1153 794 0 0 0 0 11237 11237 
Strombidium glaciale 0 0 0 0 0 0 19636 19636 11237 11237 
Strombidium sp. (20µm) 0 0 0 0 0 0 19636 19636 11237 11237 
Other ciliates 0 0 0 0 0 0 0 0 0 0 

Choanoflagellates                     
Parvicorbicula socialis 17581 2847 12686 6792 6742 2984 1492326 376466 584345 214086 
Bicosta spinifera 2425 1113 44403 4753 25284 2925 687256 127016 123611 30395 
Crinolina aperta 1212 834 577 577 0 0 19636 19636 44950 20624 
Diaphanoeca multiannulata 606 606 1153 794 0 0 39272 27029 258460 43978 
Other Choanoflagellates 0 0 0 0 562 562 0 0 0 0 
Total bacterial concentrations 483644   605552   426532   172031   176413   
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Table 7.3.7a Autotrophic species concentrations in the PAR+UVA+H-UVB treatment, Expt. 3 – Flagellates and Dinoflagellates. 
 

 0 2 4 7 14 
Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 

Flagellates                     
Cryptophytes 36374 5768 38089 6591 37202 6405 359833 75657 183584 39397 
Phaeocystis antarctic (flagellates) 24855 3781 0 0 0 0 415192 44147 91792 30698 
Phaeocystis antarctic (colonies) 0 0 48853 6297 309679 30580 3930487 252270 45896 21058 
Chrysophytes 13337 4021 2484 2484 0 0 119944 84959 80318 80318 
Unid. 5 - 10 um flagellates 32130 4919 828 828 0 0 18453 12700 149162 41704 
Other unid. flagellates < 5 um 1212 834 26497 5154 52283 6905 544363 62038 45896 26844 
Pyramimonas geldicola 0 0 5796 2174 2011 1384 0 0 0 0 

Dinoflagellates                     
Gymnodinium 1 (10-15 um) 3637 1549 1656 1140 1005 1005 27679 15116 11474 11474 
Gymnodinium 3 (20 um) 0 0 1656 1140 0 0 0 0 0 0 
Other autotrophic dinoflagellates 0 0 2484 1357 1005 1005 27679 20192 0 0 
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Table 7.3.7b Autotrophic species concentrations in the PAR+UVA+H-UVB treatment, Expt. 3 – Diatoms. 
 

 0 2 4 7 14 
Autotrophic Protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 

Diatoms                     
Nitzschia subcurvata 64866 8027 27325 4034 54294 13848 775026 105070 2902916 236776 
Nitzschia cf. delicatissima 8487 2172 4968 2433 0 0 184530 48268 149162 67163 
Nitzschia prolongatoides 6062 2063 0 0 6033 2569 138397 29558 68844 29312 
Cylindrotheca closterium 2425 1113 1656 1656 1005 1005 18453 12700 206532 46793 
Nitzschia lecointei 0 0 0 0 0 0 9226 9226 0 0 
Other Nitzschia sp. 0 0 0 0 0 0 9226 9226 0 0 
Fragilariopsis curta 16368 3760 65413 11364 59322 9508 55359 38101 11474 11474 
Fragilariopsis cylindrus 7881 2530 0 0 0 0 184530 70838 527803 92843 
Fragilariopsis pseudonana 63048 6847 82802 9760 287559 19194 2989384 253510 2627540 329397 
Fragilariopsis kerguelensis 2425 1669 828 828 0 0 0 0 0 0 
Navicula glaciei 10306 1327 2484 1357 23125 5315 147624 60761 80318 25111 
Nitzschia taeniformis 9093 2901 3312 1937 1005 1005 0 0 0 0 
Other Navicula spp 1819 993 1656 1656 0 0 858064 153384 0 0 
Other Pennate 3031 1491 3312 2280 1005 1005 0 0 68844 47382 
Thalassiosira ambigua 58198 7597 74522 10912 276499 34734 2620325 159864 3304505 208202 
Thalassiosira pacifica 0 0 0 0 0 0 55359 30233 11474 11474 
Thalassiosira hispida 4244 1819 10764 9927 2011 2011 0 0 114740 42445 
Thalassiosira gravida 606 606 0 0 0 0 0 0 11474 11474 
Chaetoceros peruvianum 0 0 0 0 1005 1005 9226 9226 80318 69195 
Chaetoseros bulbosum 1212 1212 0 0 4022 2768 9226 9226 11474 11474 
Chaetoceros simplex 14549 1669 38917 3456 274488 27575 2869440 152916 1835836 207268 
Chaetoceros dichaeta 0 0 828 828 0 0 9226 9226 0 0 
Other Chaetoceros sp. 0 0 1656 1656 3016 3016 0 0 0 0 
Chaetoceros hendeyi 0 0 0 0 0 0 0 0 0 0 
Dactylosolens antarcticus 12731 2708 3312 1520 20109 4613 156850 36108 218006 45517 
Eucampia antarctica 0 0 0 0 0 0 27679 27679 34422 34422 
Odontella weisflogii 0 0 0 0 0 0 0 0 22948 22948 
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Table 7.3.8 Heterotrophic species and bacterial concentrations in the PAR+UVA+H-UVB treatment, Expt. 3. 
 

  0 2 4 7 14 
Heterotrophic protists Mean S.E Mean S.E Mean S.E Mean S.E Mean S.E 

Flagellates                     
Leucocryptos semigera 36374 5632 0 0 0 0 0 0 0 0 
Leucocryptos marina 0 0 41401 5947 210139 20759 110718 28081 34422 25111 
Unid. 5 - 10 um flagellates 1212 834 828 828 0 0 0 0 0 0 
Other unid. flagellates 6062 2063 0 0 1005 1005 0 0 22948 15794 
Polytoma papillata 0 0 0 0 0 0 27679 20192 149162 38237 
Unid. Flagellate 1 5x8 um 32736 4826 0 0 0 0 0 0 0 0 
Other Flag (< 5 um) 0 0 3312 1937 15082 7128 710440 78375 22948 22948 
Unid. Bodonid 0 0 0 0 0 0 230662 29558 0 0 

Dinoflagellates                     
Gymodinium sp. 1 1819 993 3312 1520 4022 2352 9226 9226 11474 11474 
Gymodinium sp. 6 0 0 0 0 0 0 0 0 0 0 
Protoperidinium sp. 0 0 0 0 0 0 0 0 0 0 
Prorocentrum sp. 0 0 828 828 3016 1647 9226 9226 11474 11474 
Other Het Dino 606 606 1656 1140 2011 2011 0 0 0 0 

Ciliates, tintinids, euglenoids                     
Rhimostrombidium glacicolum 0 0 0 0 0 0 0 0 11474 11474 
Strombidium glaciale 0 0 0 0 0 0 0 0 11474 11474 
Strombidium sp. (20µm) 0 0 0 0 0 0 0 0 0 0 
Other ciliates 0 0 0 0 0 0 0 0 0 0 

Choanoflagellates                     
Parvicorbicula socialis 17581 2847 1656 1140 11060 5355 286021 47284 917918 309674 
Bicosta spinifera 2425 1113 15732 4410 60327 6685 387513 44198 91792 25791 
Crinolina aperta 1212 834 0 0 1005 1005 46132 22699 91792 30698 
Diaphanoeca multiannulata 606 606 0 0 0 0 18453 12700 286849 54901 
Other Choanoflagellates 0 0 0 0 1005 1005 9226 9226 0 0 
Total bacterial concentrations 483644   367883   381111   172853   190712   
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 8 (Appendix 2): Particulate organic carbon, Chlorophyll a and C:N ratios 
 
Figure 8.1 POC, Chl a and particulate C:N ratios for Expt. 1 (a, b and c), Expt. 2 (d, e and f) and Expt. 3 
(g, h and i). Concentrations of POC and chl a showed that the microbial community grew exponentially in 
all 3 experiments. In Expt. 1 and 2, microbial biomass (POC & chl a) increased throughout the incubation 
and C:N ratios remained relatively low (<9:1, Figure 4c,f). In experiment 3, concentrations of chl a fell and 
C:N ratios increased from an average of 7:1 during the first 7 d of incubation to 17:1 following 14 d 
incubation (Figure 4h,i). From Thomson et al., (2008). 

 

 


