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Abstract 

 Microzooplankton are protists - single celled eukaryotes that include small 

flagellates, dinoflagellates and ciliates (all < 200 um).  Microzooplankton compose the 

base of marine food webs.  Their grazing activity serves as an intermediary link between 

primary producers (i.e., phytoplankton) and higher trophic levels such as 

mesozooplankton (i.e., copepods).  Feeding activity by microzooplankton helps sequester 

carbon bound by photosynthesis via the biological carbon pump.  The goal of this project 

was to monitor the changes in biomass, abundance and community composition of the 

major microzooplankton taxa in response to elevated pCO2 and low pH conditions using 

a mesocosm approach.  To assess changes between treatments and on a temporal scale 

microzooplankton samples were taken every other day from each mesocosms and off the 

dock.  Samples were fixed and slides prepared for identification and enumeration of 

microzoooplankton taxa groups using epifluorescence microscopy.  Results show that the 

high pCO2 treatment was significantly different in biomass and abundance from both the 

control and drift pCO2 treatments.  Microzooplankton community structure was similar 

across treatment groups; however a significant temporal change in community 

composition was observed.  Our results are consistent with other mesocosm and field 

studies and suggest that high pCO2 conditions may alter microzooplanktons role in 

trophic webs by shifting prey sources.  Greater abundances of microzooplankton may 

limit the drawdown of carbon from surface waters in some regions via remineralization 

of nutrients, increased fecal pellet consumption, or reduced assimilation of 

microzooplankton as a result of low ingestion rates by mesograzers. 
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Introduction 

Anthropogenic activities like the burning of fossil fuels have steadily increased 

atmospheric carbon dioxide (CO2) levels since the industrial revolution.  The 

accumulation rates of atmospheric CO2 are 100 times faster than any change during the 

past 800,000 years (Siegenthaler et. al. 2005, Doney and Schimel 2007).  Fifty percent of 

the excess CO2 released has been absorbed by the oceans (Sabine et. al. 2004).  Excess 

CO2 in the ocean results in a decrease of ocean pH, a process known as ocean 

acidification (Caldeira and Wickett 2003).  Over the last fifty years ocean pH has 

declined by 0.1 units, and models predict that pH will continue to drop by 0.4 units 

before the end of this century (Caldeira and Wickett 2003).  Increased pCO2 

concentrations have adverse effects on the physiology, morphology, and survivorship of 

many marine calcifying organisms such as oysters, mussels, and corals (Widdicombe and 

Spencer 2008, Doney et. al. 2009).  Conversely, excess pCO2 is known to stimulate 

production amongst autotrophic communities (Chen and Durbin 1994, Riebesell et. al. 

2000, Delille et. al. 2005, Engle et. al. 2005).   

Photosynthetic organisms, including mixotrophs (organisms that are simultaneously 

heterotrophic and photosynthetic), compose the base of marine food webs as they fix 

organic carbon and play key roles in the biological carbon pump.  The fixed carbon is 

eventually transferred to higher trophic levels, including fisheries, via microzooplankton 

grazing activity (Heinbokel 1978, Landry and Hassett 1982, Stoecker and Capuzzo 1990, 

Suffrian et. al. 2008).  Microzooplankton grazers, such as dinoflagellates, are small (< 

200 um) with high growth rates and a fast metabolism (Heinbokel 1978).  They occupy 

an intermediate niche (between phytoplankton and copepods) in marine trophic cascades 

that is not traditionally reflected in many food web models (Rothstein et. al. 2006, Calbet 
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2008).  Studies have demonstrated microzooplankton’s role in marine geochemical cycles 

(Sherr and Sherr 2002, Calbet and Landry 2004).  For instance, microzooplankton 

transfer organic carbon to higher trophic levels through grazing on cyanobacteria, 

autotrophic flagellates, phytoplankton, and particulate matter (Heinbokel 1978, Landry 

and Hassett 1982).  In temperate systems, microzooplankton grazing accounts for 60% of 

the primary production and half of the phytoplankton biomass per day (Calbet 2008).  

Similar grazing rates are found in upwelling areas (Calbet and Landry 2004).  Despite 

their function as an intermediate link in marine food webs little is understood regarding 

their role in regulation of atmospheric CO2 via the biological carbon pump.   

Carbon bound by photosynthesis can be sequestered by the biological carbon pump 

into higher trophic levels via grazing activity or through sedimentation into the deep 

ocean.  The biological carbon pump is responsible for 75% of the surface to deep ocean 

dissolved inorganic carbon drawdown (Riebesell et. al. 2007) which represents 3.5 times 

the atmospheric carbon pool (Riebesell et. al. 2007).  High pCO2 concentrations are 

known to shift phytoplankton community compositions and increase growth rates 

(Ribesell et. al. 1993, Riebesell 2000, Tortell et. al. 2002, Rost et. al. 2003, Iglesias-

Rodriguez et. al. 2008).  Such changes could alter the composition of bacteria and 

microzooplankton populations resulting in cascading effects on the drawdown of carbon 

(Suffrain et. al. 2008).  A flux in the ocean surface carbon pool due to changes in 

biological activity could have drastic effects on atmospheric CO2 (Riebesell et. al. 2007).  

To our knowledge, no studies have evaluated the effects of high pCO2/low pH on the 

temporal changes and succession of microzooplankton communities in naturally 

occurring high nutrient regions.  Therefore, the objective of this experiment is to assess 
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the microzooplankton community structure when exposed to high pCO2 concentrations in 

an upwelling system using a mesocosm approach.  Mesocosms will allow for monitoring 

of natural planktonic community interactions under future pCO2 scenarios but will 

control extraneous variables (i.e. mesozooplankton grazing, tidal changes) that could 

impact results.  Research questions will determine if increases in pCO2 will have an effect 

on microzooplankton 1.) biomass 2.) abundance, and 3.) community structure.  We 

hypothesize that higher pCO2 treatments will result in a greater biomass and abundance 

of microzooplankton grazers due to stimulated growth of autotrophs.  Additionally, we 

hypothesize that increased pCO2 will result in a temporal shift in community structure 

due to changes in autotroph communities. 

Materials and Methods 

Study site and mesocosm design 

 Nine cylindrical polyethylene mesocosms (3000 L) were set up at the University 

of Washington’s Friday Harbor marine laboratory (48.53° N, 123.01° W) during April 

2013.  Each mesocosm (6m total height x 1 m diameter) was supported by a stainless 

steel frame, anchored to a floating dock, and covered with clear acrylic domes.  The 

mesocosms were positioned perpendicular to the sun to ensure they received 

approximately the same intensity of solar radiation.  Mesocosms were filled using 

plastic/Teflon peristaltic pump (Wilden P-1 double diaphragm).  The lack of metal gears 

and gentle nature of this pump ensured that microzooplankton were not destroyed during 

the filling process.  All nine mesocosms were simultaneously filled with ambient 

seawater that was coarsely filtered (500 um) to remove Cnidarians, Ctenophores, and 

other mesozooplankton that feed on microzooplankton (< 200 um).  Each enclosure was 
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positioned 1 m above the ocean surface using a buoy system (5 m submerged depth) to 

prevent entry of unfiltered seawater from wave action. 

 The main objective of this experiment was to quantify if high pCO2 has an impact 

on microzooplankton grazers.  The ambient water at Friday Harbor is influenced by 

strong coastal upwelling resulting in a high nutrient and low chlorophyll content.  

Previous mesocosm experiments at Friday Harbor resulted in an accelerated plankton 

bloom (~ 5 days) due to the high nitrate content (~ 25 um ambient water) obscuring any 

effect of CO2 (Murray et. al. 2012).  Therefore, we controlled the bloom’s progression by 

covering each mesocosm with mesh screens to reduce light levels (~50%).  Mesh screens 

were kept in place for the first half of the experiment and then lowered 1 m to stimulate 

plankton growth on day ten.         

Experimental design and chemical sampling 

 The nine mesocosms were subdivided into three pCO2 levels consisting of three 

replicates per treatment level.  Due to the upwelling in this area, ambient pCO2 levels are 

already elevated (~650 ppm) throughout the year.  As a result, control mesocosms were 

maintained at ambient pCO2 levels.  High treatments were maintained at pCO2 levels of 

~1250 ppm.  The three remaining mesocosms were setup as a “drift’ treatment.  The 

“drift” treatment began at 1250 ppm but was not maintained throughout the experiment.  

Target pCO2 levels (control and high treatments) were maintained throughout the 

experiment by saturating filtered seawater with CO2.  The CO2 saturated seawater was 

then gently injected into the control and high mesocosms (< 1 L daily) using a digital 

peristaltic pump (Cole-Parmer, MasterFlex L/S Easy Load II) attached to polyethylene 

tubing.   
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Salinity and temperature were recorded for each mesocosm daily using a CTD 

(Sea Bird Electronics 37SMP).  The initial salinity and volume for each mesocosm was 

determined by adding a brine solution (3500 g NaCl in 15 L of DI water).  The addition 

of brine allowed for: 1.) determination of final mesocosm volume, and 2.) made the 

mesocosms more dense then the surrounding seawater so they would stay submerged in 

turbulent conditions.  Oxygen, nutrients, dissolved inorganic carbon (DIC) and alkalinity 

were sampled daily (2.5 L Niskin, General Oceanics, Inc).  Oxygen levels were 

determined using a Winkler titration (Metrohm, 665 Dosimat).  Nutrient levels (NH4, 

NO3, NO2, PO4) were analyzed using an autoanalyzer.  Detailed carbon chemistry 

(alkalinity and total dissolved inorganic carbon) was determined daily using a CO2 

detector (Licor LI-700).  The pCO2 and pH for each mesocosm were then determined 

using CO2calc program (Robbins et. al. 2010).  Dissolved organic carbon (DOC) and 

particulate organic carbon (POC) samples were prepared by filtering 20-25 ml seawater 

through combusted GF/F filters into pre-chilled vials.  An additional volume (60 ml prior 

to day 12; 120 ml for days 12 to 22) was filtered, folded with particulates inside and 

stored on an analyslide.  DOC and POC samples were stored at -20ºC until delivered to 

the University of Washington Marine Chemistry Laboratory for analysis.  DOC samples 

were analyzed on a Shimadzu TOC-Vcsh carbon analyzer, using the high temperature 

catalytic oxidation method (HTCO) and measured on a non-dispersive infrared (NDIR) 

detector.  Samples for organic carbon analysis are acidified (w/6 N HCl) and injected into 

the carbon analyzer.  POC samples were fumed overnight with saturated HCl, dried, and 

measured with an elemental analyzer.   
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Collection and quantifying microzooplankton 

 Prior to microzooplankton collection each mesocosm was mixed by raising and 

lowering a perforated acrylic disc for 3 minutes.  Mixing prior to sampling minimized 

any effects of vertical stratification and ensured a uniform sample was taken.  

Microzooplankton was collected by “coring” the water column within the mesocosm by 

lowering a depth-integrated sampler (3 m plastic tube, 4.4 cm diameter) down the center 

of the enclosure.  Once lowered, the distal end of the tube was sealed with a rubber cap.  

The contents of the sample were gently emptied into an acid washed reservoir for more 

precise sampling.  A 200 ml sample was taken from each mesocosm and preserved in 

0.5% glutaraldehyde.  Preserved samples from each mesocosm were filtered (0.8 um 

black polycarbonate filter, Poretics) using a vacuum pump (Gast DOA-P74-AA) and 

stained with DAPI (40 ug ml
-1

) and profalvine (2 ug ml
-1

).  Filters were mounted onto 

glass slides using low-fluorescing oil (Resolve) and sealed with a cover slip.  All slides 

were frozen until analysis.     

Microzooplankton biomass and abundance were estimated using epifluorescent 

microscopy (Zeiss, 500x magnification, blue filter set 487709).  Heterotrophic 

dinoflagellates were distinguished from autotrophs by a bright blue nucleus (under U.V. 

emission) and lacked chlorophyll (which appears red under autofluorescence).  

Autotrophic flagellates were distinguished by a faded nuclear material (usually with a 

dark center under U.V.emission) and the presence of some photosynthetic pigments (red 

or orange) under autofluorescence.  We used a digitizing program (Microbiota software, 

Roff and Hopcroft 1986) to taxonomically categorize, enumerate, and measure (length 

and width) all heterotrophic dinoflagellates and autotrophic flagellates observed in a 



Gravinese 9 
 

random sample of 100 ocular grids (grid size = 250 um x 250 um).  Microzooplankton 

were grouped and categorized as heterotrophic dinoflagellates based on geometric shapes 

(i.e., peanut shaped, round, and thin).  We also categorized Gyrodinium, photosynthetic 

dinoflagellates, Euglenoids, small heterotrophic flagellates (< 5um), and an unidentified 

mixotroph (containing phycoerythrin and < 10um).  The size for each organism was 

recorded using a digitizing tablet which superimposed a point of light into the 

microscopes field of view.  This allowed the user to measure each organism’s length and 

width.  A unique numerical code was used to classify each taxon measured.  Each 

numerical code corresponded to a specific geometric shape allowing for estimation of cell 

volume.  Spherical geometric (i.e., oblate, prolate) formulae were used to calculate 

biovolumes.  Biovolumes were then converted to estimates of biomass (ug C L
-1

) 

according to Menden-Deuer and Lessard (2000) using equation (1): 

(1)  

Biovolumes were also used to determine size frequency distributions between treatments.   

Statistical Analyses 

A Friedman test for repeated measures (SPSS 20.0) was used to determine 

significant differences in biomass (ug C L
-1

) and abundance (cells L
-1

) between pCO2 

treatment levels (Control = 650 ppm, “drift” < 1250 ppm, and high = 1200 ppm).  

Microzooplankton community composition was compared using multivariate statistical 

software (PRIMER Version 6).  A Bray-Curtis similarity matrix and non-metric 

multidimensional scaling (MDS) were used to visualize relationships temporally and 

between treatments.  The MDS plots show relationships based on relative distance 

between points.  For instance, similar communities have points that are closer together, 
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while samples with different communities result in points farther from each other.  We 

tested for significant differences in the community composition between treatments and 

sampling days using an ANOSIM (PRIMER Version 6).  The ANOSIM analyses is a 

non-parametric test that compares the similarity (based on the Bray-Curtis index) of the 

samples between and within groups.   

Results 

Chlorophyll, pCO2 levels and nutrient conditions 

During light limited conditions (phase 1: T0-T10) chlorophyll levels continued to 

increase moderately from 0.5 to 5 ug L
-1 

(Figure 1).  After T10 (phase 2), we reduced the 

shading by removing the mesocosm mesh tops and by lowering the side mesh 1.5 m.  

This stimulated phytoplankton production and resulted in chlorophyll levels increasing 

from pre-bloom levels to 30.5 ug L
-1 

in the control and high treatments.  The drift 

treatment chlorophyll level did not increase past 17.7 ug L
-1

.  Our pCO2 levels remained 

relatively consistent throughout the experiment (Figure 2).  The control treatment was 

maintained around 650 ppm and matched ambient conditions (dock).  The high treatment 

was maintained close to 1200 ppm and remained distinctly different from the control 

treatment.  The drift treatment began the experiment at similar concentrations to the high 

treatment.  No effort was made to add additional CO2 to the drift treatment during the 

experiment resulting in a steady decrease in the pCO2.  During phase 1 of the experiment 

nitrate levels declined from 25.5 to 21.4 u mol L
-1

, while phosphate declined from 2 to 

1.6 u mol L
-1

 (Figure 3A and B).  After shading was reduced nitrate rapidly declined to 5 

u mol L
-1

 while phosphate approached 0.4 u mol L
-1

.       
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Figure 1: Mean chlorophyll (ug L
-1

) in the control (green), drift (blue), high (red), and dock (black) 

treatments throughout the experiment.  The dotted line indicates when shading was reduced separating 

phase 1 production from phase 2 production.   

  

 

Figure 2: Mean pCO2 (ppm) in the control (green), drift (blue), high (red), and dock (black) treatments 

throughout the experiment.   

 

 

 

 

Phase 1 Phase 2 
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Figure 3: Mean A) NO3 and B) PO4 (u mol L
-1

) in control (green), drift (blue), high (red), and dock (black) 

treatments. The dotted line indicates reductions in shading separating phase 1 from phase 2 production.   

Microzooplankton Biomass and Abundance 

 Microzooplankton biomass increased after the first week of sampling and resulted 

in significant differences between treatments (χ
2
r =13.27, d.f. = 2, n = 33, P<0.001, 

Figure 4).  The median biomass leveled off in both the control and drift treatments on 

T10, remained constant, and then started to decline by T18.  The median biomass in the 

high treatment increased steadily until T16 before exhibiting a decline.  Post-hoc analysis 

indicated that the high treatment was significantly different from both the control (P < 

0.001) and the drift treatments (P = 0.003).  The peak biomass within the high treatment 

was 22.5% and 25.1% greater than the control and drift treatments respectively.      

A 

B 

Phase 1 Phase 2 
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Figure 4: Median biomass of heterotrophic dinoflagellate community in the control (green), drift (blue), 

high (red), and dock (black) treatments throughout the experiment.  Error bars represent the median 

absolute deviation.  The high treatment was significantly different from the control (P < 0.001) and drift (P 

= 0.003) treatments.    

The median biomass of the smaller heterotrophic community was compared to the 

median biomass of Gyrodinium sp.  Gyrodinium sp. were not highly abundant but 

contribute significantly to the overall biomass since they are several orders of magnitude 

larger that other heterotrophs.  The biomass for the smaller heterotrophs began to rise by 

T7 across all treatments.  Smaller heterotrophic median biomass remains relatively 

constant for the control treatment, and peaked during the middle of the experiment in the 

drift treatment (Figure 5).  The peak in median biomass (T12) in the high treatment was 

significantly different in the high treatment (Figure 5).  In comparison, the median 

biomass of Gyrodinium had a similar trend to the smaller heterotrophic community, in 

some cases lagged behind peaks in the smaller heterotrophic community, and contributed 

equally in magnitude to overall biomass (Figure 5).   
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Figure 5: Median biomass of the smaller heterotrophic dinoflagellate community (solid lines) vs. 

Gyrodinium biomass (dashed lines) in the control (green), drift (blue), high (red), and dock (black) 

treatments throughout the experiment.  The high treatment was significantly different from the control (P < 

0.001) and drift (P < 0.001) treatments.    

The trends in microzooplankton abundance were similar to the patterns observed 

during biomass comparisons between treatments.  Abundance steadily increased until 

T12 and T14 for the drift and control respectively.  There were significant differences 

between in abundance between treatments (χ
2
r =8.354, d.f. = 2, n = 33, P = 0.015, Figure 

6).  The high treatment plateaued during T12-T16 before a decline in abundance was 

observed.  Post-hoc tests indicated that the high treatment was statistically different from 

the control (P = 0.042) and drift (P = 0.006) treatments (Figure 6).  The peak in 

abundance within the high treatment was 49.9% and 48.8% greater than the control and 

drift treatments respectively.       
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Figure 6: Median heterotrophic abundance in the control (green), drift (blue), high (red), and dock (black) 

treatments throughout the experiment.  Error bars represent the median absolute deviation.  The high 

treatment was significantly different from the control (P = 0.042) and drift (P = 0.006) treatments.    

Microzooplankton Community Structure 

There was a temporal progression within the community composition throughout 

the study.  The initial microzooplankton community composition was composed 

primarily of heterotrophic dinoflagellates and small heterotrophic flagellates (< 2um) 

(Figure 7).  Mean percent composition of the heterotrophic dinoflagellates and small 

heterotrophic flagellates declined by T6 due to an increase in abundance of the unknown 

mixotroph.  The unknown mixotroph dominated (in abundance) the cell counts from T6 

to T18.  By T12 the unknown mixotroph began to decline and the small heterotrophic 

flagellates began became more abundant.  The final days of sampling were less diverse 

and consisted mostly of unknown mixotroph and heterotrophic flagellates. 

To visualize and quantify significant differences between treatments the 

microzooplankton community structure was determined using non-metric 

multidimensional scaling (MDS) and analysis of similarities (ANOSIM) analyses (Primer 

A 

B 



Gravinese 16 
 

5.0).  A Bray-Curtis similarity matrix was used for both the MDS and ANOSIM analyses.  

MDS plots were used to compare the microzooplankton community both temporally and 

between treatments (Figures 6 and 7).  The ANOSIM analysis resulted in no significant 

groupings in community structure (R = 0.009, P = 0.413) between treatments (Figure 6).  

However, there were significant differences on a temporal scale (Figure 7).  The 

ANOSIM analysis (R = 0.639, P = 0.001) showed that during the experiment 

significantly similar populations existed during T0 to T4, T6 to T10, and T12 to T20 

(Figure 7, Table 1).      

 

 

 

 

 

 

 

       



Gravinese 17 
 

Figure 5: Mean percent composition for heterotrophic (Hdino) and photosynthetic (Pdino) dinoflagellates, 

as well as unknown mixotrophs, and heterotrophic flagellates (Hflag) for the control (top panel), high 

(middle panel), and drift (bottom panel) treatments. 

Control 

High 

Drift 

Mean % 

Composition 
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Figure 6: Similarities in community composition between the control (green), high (red), and drift (blue) 

treatments plotted using non-metric multidimensional scaling (MDS) and a Bray-Curtis similarity matrix.  

Distances between points are relative distances and therefore the axes are plotted without an absolute scale.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Temporal similarities in community composition between early days (T0-T4, circled in black), 

middle days (T6-T10, circled in blue), and (T12-T20, circled in red) plotted using non-metric 

multidimensional scaling (MDS) and a Bray-Curtis similarity matrix.  Distances between points are relative 

distances and therefore the axes are plotted without an absolute scale.  Each symbol represents one 

sampling day.   
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Table 1: Temporal pairwise comparisons for sampling days that were statistically similar based on 

ANOSIM analysis.  All other pairwise comparisons (n = 44) between days were significantly different from 

each other (p < 0.05).  

Pairwise Comparisons Significance Level 

  

T0 vs. T2 0.077 

T2 vs. T4 0.222 

T6 vs. T12 0.116 

T8 vs. T10 0.584 

T12 vs. T14 0.281 

T12 vs. T16      0.064 

T12 vs. T18 0.184 

T14 vs. T16 0.698 

T14 vs. T18 0.798 

T16 vs. T18 0.906 

T18 vs. T20 0.355 
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Discussion 

Microzooplankton biomass and abundance 

 Elevated pCO2 resulted in significantly higher microzooplankton biomass and 

abundance.  The microzooplankton community composition was similar between 

treatment groups but showed significant changes temporally during the experiment.  The 

ambient water at Friday Harbor Laboratories (FHL) is a high nutrient, low chlorophyll 

(HNLC) area that is regularly flushed by strong tidal currents.  Due to the high nutrient 

content (~25 umol NO3), previous ocean acidification mesocosm experiments at FHL 

resulted in a rapid decline in pCO2 and a peak in phytoplankton production after six 

sampling days (Murray et. al. 2012).  Such a rapid bloom masks the effects of elevated 

pCO2 on biological production.  As a result, we made attempts to control biological 

production by shading mesocosms (~ 55% light reduction) early in the experiment (Phase 

1: T0-T10) so that planktonic communities were subjected to prolonged exposure to 

elevated pCO2 conditions.  We successfully maintained pCO2 levels throughout the 

experiment in the high (~ 1200 ppm) and control (~650 ppm) treatments by adding CO2 

saturated water daily into the respective treatments.  Previous mesocosm studies allow 

pCO2 levels to “drift” with biological production resulting in a steadily declining pCO2 

condition across treatments (Riebesell et. al. 2007, Kim et. al. 2010).       

Light limitation slowed the production of a phytoplankton bloom during phase 1 

of the experiment.  Despite the limitation, nitrate and phosphate levels steadily decreased 

by 4 and 0.4 u mol L
-1

 respectively, while chlorophyll increased by 4.5 u mol L
-1

 during 

phase 1 of the sampling period (Figures 1 and 3).  This suggests that the communities 

within the mesocosms were capable of photosynthetic production despite the limited light 
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conditions.  The rate of nitrate decline during phase 1 was used to estimate Redfield 

ratios for each mesocosm.  The actual oxygen production during phase 1 of the 

experiment was compared to the theoretical oxygen levels based on the Redfield ratios 

(calculated from the nitrate drawdown per mesocosm) (Figure 8).  Based on the Redfield 

ratios for our mesocosms, the actual oxygen produced was significantly lower than the 

expected oxygen levels suggesting that respiration was occurring early in the experiment.   

 

Figure 8: Actual (white bars) oxygen production measured from Winkler titrations compared to the 

expected (black bars) oxygen production for phase 1 of the experiment.  The expected oxygen production is 

based on the Redfield ratios calculated from the rate of nitrate loss during phase 1 of the experiment.   

Our community composition was dominated early in the experiment by both 

heterotrophs and an unknown mixotroph.  Initial microzooplankton abundances were 

greater than 7000 cells L
-1

 and the mean percent composition of heterotrophic 

dinoflagellates increased from 20 to 50% by T4.  Kim et. al. (2010) also saw higher 

heterotrophic dinoflagellate abundance in treatments that mimicked acidified conditions 

when compared to the control.  However, cell abundances were twice as high in our 

acidified treatment.  The initially high heterotrophic dinoflagellate abundance in all our 
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mesocosms could be the remnants of a localized bloom that may have occurred several 

days prior to the start of our experiment.  Additionally, characteristics of other HNLC 

areas are reported to have abundant microzooplankton biomass even after iron 

enrichment (Saito et. al. 2006).       

The significant difference in heterotroph biomass and abundance in the high 

treatment could be related to increased prey availability (i.e., the high abundance of an 

unknown mixotroph).  The high abundance of the unknown mixotroph could be a result 

of their ability to directly fix carbon.  A similar result was reported by Rose et. al. (2009) 

where they observed increases in mixotroph abundance under elevated pCO2 conditions.  

The majority of heterotrophs in our mesocosms were likely obligate heterotrophs and 

would not directly benefit from elevated CO2 conditions.  However, if elevated pCO2 

stimulated mixotroph productivity then obligate heterotrophs could benefit from this 

additional prey source.  Especially since phytoplankton abundance was limited by light 

limitation.  The low grazing rates (0.2 day
-1

) observed in our experiment indirectly 

supports the hypothesis that heterotrophs were not relying solely on herbivory and likely 

switched prey sources due to phytoplankton limitation (Suffrian et.al. 2008).  

   Gyrodinium sp. contributed significantly to the overall biomass in all treatments 

(~ equal in magnitude to the total biomass of smaller heterotrophic dinoflagellates) 

throughout this experiment.  Their significantly higher biomass in the elevated pCO2 

treatment may result in remineralization of nutrients (fecal pellets) before reaching depths 

(Siato et. al. 2006).  Remineralization of nutrients before sinking suggests that 

Gyrodinium sp. are ineffective carbon carriers and could significantly alter the surface to 

deep water drawdown of carbon (i.e., carbon flux) (Siato et. al. 2006).  Additionally, the 
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transfer efficiency of carbon assimilated by Gyrodinium sp. to higher trophic levels may 

be low due to the low specific ingestion rates of their predators such as copepods (Tsuda 

et. al. 2005 in siato et al 2006). 

Microzooplankton community composition 

 The initial microzooplankton community composition was diverse with several 

taxa of heterotrophic and photosynthetic dinoflagellates, a dominant unknown mixotroph, 

and an abundance of heterotrophic flagellates (< 2um).  Despite the diverse assemblage 

we did not see any difference in community composition between treatment levels.  

Suffrian et. al. (2008) found similar results in a mesocosm experiment off the coast of 

Norway.  Other studies report that community composition and abundance (i.e., growth) 

of microzooplankton change when exposed to coupled climate change stressors such as 

elevated pCO2 and increased temperature (Rose et. al. 2009).  However, significant 

temporal changes existed in microzooplankton community composition in all treatments.  

There was a temporal shift from a heterotrophic flagellate (< 2 um) which dominated the 

community during phase 1, toward a community dominated by the unknown mixotroph 

during the middle of the experiment (T6-T18).  The last day of sampling was again 

dominated by heterotrophic flagellates.  We hypothesize that temporal changes in 

community composition were the combination of shifts in prey sources due to light 

limitation that slowed autotroph production.  For instance, initial grazing (although low) 

on photosynthetic dinoflagellates and phytoplankton, combined with the high abundance 

of nanoflagellates early in the experiment were likely the main food source for 

heterotrophs.  By T6 the unknown mixotroph abundance increased resulting in a possible 

shift in prey sources.  The decrease in the unknown mixotroph during the end of phase 2 
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of the experiment could be a result of both predation by grazers and an increase in 

phytoplankton production (i.e., competition for CO2 resource).  The decline of 

microzooplankton at the end of the experiment was not a result of mesozooplankton 

predation (removed via filter during filling) and coincided with an increase in chlorophyll 

production.  This trend is consistent with results found in high pCO2 experiments 

conducted during the North Atlantic spring bloom (Rose et. al. 2009).  Rose et. al. (2009) 

suggested that phytoplankton may have grown in response to reduced grazing pressure 

from the declining microzooplankton assemblage, without directly causing a decline in 

microzooplankton abundance.  Throughout our experiment dilution experiments resulted 

in low grazing and the abundance of phytoplankton production was directly related to 

reduction in shading.  We are confident that phytoplankton abundances were slowly 

increasing throughout the experiment due to gradual declines in nitrate levels.  The 

decrease in microzooplankton was probably a result of 1.) sideways control (i.e., high 

heterotrophic on heterotroph feeding) during phase 1 of the experiment, (Chauhan et. al. 

2009), 2.) shifts in prey sources (nanoplankton and mixotrophs) (Hare et. al. 2007), 3.) 

unpalatable (toxic) phytoplankton due to silica limitation (Bates et. al. 1991), or a 

combination of these scenarios.     

 The results reported here are the first for Friday Harbor and the San Juan island 

biological preserve.  High pCO2 conditions may alter microzooplanktons role in trophic 

webs by shifting prey sources and increasing biomass and abundance.  Larger 

microzooplankton may limit the drawdown of carbon from surface waters in HNLC areas 

via remineralization of nutrients, increased fecal pellet consumption, or reduced 

assimilation of microzooplankton as a result of low ingestion rates by mesograzers.  
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Additionally, alterations in microzooplankton structure due to elevated pCO2 could have 

cascading effects on bacteria role’s within trophic systems.  The changes elevated pCO2 

may have on trophic systems and the carbon flux remains unclear.  For instance, we are 

unaware of the role nanoautotrophs play within our system.  Indirect evidence from 

dimethylsulfide production suggests that nanoautotrophs may be abundant during the 

peak in microzooplankton biomass and abundance.  Community shifts towards a 

nanoautroph dominated system under elevated pCO2 scenarios could reduce production 

of diatom-based food webs in productive oceans, modify biomass production, change 

food web structure, and alter carbon flux from surface waters (Hare et. al. 2007).  More 

importantly trophic interactions in a high pCO2 world should be conducted in concert 

with elevated temperatures.  The synergistic, additive, or antagonistic effects elevated 

temperatures and increased pCO2 play on microzooplankton metabolic processes are 

unknown and should be considered for future research.    
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