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INTRODUCTION

Microzooplankton grazers, including 2−200 µm
protists, copepod nauplii and larval meroplankton,
are the primary consumers of phytoplankton in all
marine ecosystems, including coastal areas (Sherr &
Sherr 2002, Calbet & Landry 2004, Schmoker et al.
2013). However, microzooplankton diversity varies
among communities and depends on the taxa and
size of the dominant phytoplankton, which in turn di-
rectly affects trophic linkages and overall ecosystem

productivity. Oligotrophic coastal ecosystems in sub-
tropical and tropical areas are typically dominated by
very small phytoplankton taxa (Bienfang & Takahashi
1983, Hopcroft & Roff 1990, Furnas 2007), indicating
that the microzooplankton community is composed of
multiple trophic levels (Reckermann & Veldhuis
1997, Calbet & Landry 1999, First et al. 2009). Pertur-
bations to these ecosystems occur on many scales,
from localized nutrient inputs to changes in circula-
tion (Böttjer & Morales 2005, Cox et al. 2006, Chen et
al. 2009). The effects of these changes on the micro-
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bial food web have been little studied, especially in
comparison with temperate and high-latitude coastal
communities (Schmoker et al. 2013). Understanding
these perturbations is important, as they affect
trophic pathways and overall productivity.

Kāne’ohe Bay, Hawai‘i, USA, a subtropical embay-
ment on the island of O‘ahu, is representative of
coastal oligotrophic habitats and is characterized by
event-scale perturbations in the phytoplankton com-
munity driven by sporadic inputs of nutrients follow-
ing storms (Cox et al. 2006, Hoover et al. 2006). The
shallow southern bay (~9.5 m average depth) is situ-
ated between oligotrophic subtropical waters (off-
shore, ~3 km away from the middle of the bay) and
the urban watershed. After episodic rainfall, which
marks the transition from dry to wet ecosystem
states, the coastal watershed introduces nutrients
through stream runoff and groundwater discharge,
resulting in a higher-nutrient ecosystem (Ringuet &
Mackenzie 2005, Cox et al. 2006, Drupp et al. 2011).
Prior research has determined macronutrient con-
centrations before and following storms (Stimson
2015), characterized variability in phytoplankton
 biomass and productivity in the bay (Bienfang &
Takahashi 1983, Taguchi & Laws 1987, 1989), and
described the abundance and feeding relationships
of the mesozooplankton (Kimmerer 1984, Calbet et
al. 2000, Scheinberg et al. 2005). However, few stud-
ies have reported on the phytoplankton and micro-
zooplankton taxa and on how these change with eco-

system state (wet vs. dry), thereby supporting higher
or lower ecosystem productivity.

The focus of this study was to relate phytoplankton
community dynamics to microzooplankton commu-
nity structure and grazing impact under stable (oligo-
trophic, dry) and storm-perturbed (wet) ecosystem
states. Specifically, the main objective was to under-
stand if microbial community structure and associ-
ated population dynamics change as a result of wet
vs. dry ecosystem states and episodically funnel more
productivity to metazoan consumers. To approach
this question, the seawater dilution experiments in
the present study describe the phytoplankton and
microzooplankton community in Kāne’ohe Bay under
stable (oligotrophic, dry) conditions, as well as when
the bay is episodically impacted by elevated nutrient
inputs (wet conditions).

MATERIALS AND METHODS

Field sampling dates and location

Samples were collected for seawater dilution ex -
periment incubations during 3 sampling periods:
March 2012 (2 sample dates), August 2012 (2 sample
dates), and between 27 May and 5 June 2013 (5 sam-
ple dates). Samples were taken in the late morning
from surface waters in southern Kāne’ohe Bay
(21° 25’ 56.7” N, 157° 46’ 47.1” W) (Fig. 1).
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Fig. 1. O‘ahu, Hawai’i, USA, with inset box indicating Kāne’ohe Bay. The sampling station location in the southern bay is indi-
cated with a star, and the location of He‘eia Stream input to the bay is indicated with a dot. The map was generated using tools 

available at www.arcgis.com
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Environmental parameters

Photosynthetically active radiation (µmol m−2 s−1)
and wind direction and speed (knots) measurements
were obtained from the Hawai‘i Institute of Marine
Biology’s weather station on Coconut Island
(21.433° N, 157.7863° E, http://oos.soest.hawaii.edu/
erddap/index.html). Rainfall (mm) from stream dis-
charge data in the 2 wk prior to sampling were
obtained from the He‘eia Stream gauge (http://
nwis.waterdata.usgs.gov/nwis/), one of the 5 streams
flowing into Kāne’ohe Bay (Fig. 1).

Chl a was estimated by filtration of seawater onto
25 mm GF/F filters, frozen in liquid nitrogen and
stored at −80°C. Frozen filters were extracted (24 h,
dark, −20°C) with 90% acetone and analyzed using a
Turner Designs 10AU fluorometer, calibrated with
the Welschmeyer (1994) method. Because of unex-
plained degradation of the chl a signal, no data were
available for Expts 1 and 2, so the phaeopigment sig-
nature was used as a proxy for the minimum chl a
present in these experiments.

Microbial abundance and biomass

Flow cytometry (FCM) samples stained with
Hoechst 34442 (1 µg ml−1, final concentration)
(Campbell & Vaulot 1993, Monger & Landry 1993,
Campbell et al. 1994) were analyzed with a Beck-
man-Coulter Altra flow cytometer. Particle signals
collected were scatter, DNA, phycoerythrin and chl a
and were analyzed using FlowJo (Tree Star). Carbon
biomass was estimated using 32, 200 and 10 fg C
cell−1 for Prochlorococcus (PRO), Synechococcus
(SYN) and heterotrophic (non-pigmented) bacteria
(H-BACT), respectively (Christian & Karl 1994, Gar-
rison et al. 2000, Buitenhuis et al. 2012). For auto-
trophic eukaryotes (A-EUK), the average biomass
(1550 fg C cell−1) of the 2−3 µm phytoplankton
obtained from epifluorescence microscopy (EPI-
MICRO) was used, since most of the cells were in this
size category.

Abundance and biomass of nano- and microplank-
ton by EPI-MICRO were preserved using 0.4% para-
formaldehyde, stained with 0.5 nM proflavin, and
then filtered onto 0.8 or 8 µm black polycarbonate
 filters (Midland Scientific). Filters were stained with
50 µg l−1 DAPI, mounted and frozen (−80°C) until
analysis. Slide images were taken with Microfire
software (ver. 1.1) using an Olympus U-LH100H -
GAPO digital color camera attached to an Olympus
Model BX51 TRF epifluorescence microscope. Thirty

random fields were chosen for 3 sequential micro-
graphs using filter sets for chl a, phycoerythrin and
DNA, and images were analyzed with Zeiss imaging
software (ver. 3.0, Media Cybernetics). Biovolumes
(prolate spheroid, assuming width = height) were
converted to carbon biomass, using biomass (pg C
cell−1) = 0.216 × biovolume0.939 for non-diatoms and
biomass (pg C cell−1) = 0.288 × biovolume0.811 for
diatoms (Menden-Deuer & Lessard 2000).

Ciliates, dinoflagellates and metazoan larvae and
nauplii were preserved in dark bottles with a 1/20
dilution of acid Lugol’s solution (Throndsen 1978)
and analyzed using the Utermöhl technique (Sherr &
Sherr 1993), with digital images (Moticam camera)
taken for dimensional analyses using Motic Images
Plus software (inverted microscopy of acid Lugol’s
preserved samples [LUGOLS-MICRO] technique).
Biovolume was estimated from cellular length and
width, along with the geometric formulae for the
closest approximate shape (e.g. sphere, prolate
 spheroid, cone, ½ sphere + cone). Biovolume was
converted to biomass, using biomass (pg C cell−1) =
0.216 × biovolume0.939 (Menden-Deuer & Lessard
2000). Metazoan larvae and nauplii biomass (aver-
age of ≥3 independent samples) was estimated using
length equations (Almeda et al. 2011, see Table 2).

Incubation experiments for rate measurements

Surface water phytoplankton growth rates and
microzooplankton grazing rates were determined
from 9 experiments (Expts 1−9) using the seawater
dilution method (Landry & Hassett 1982, Selph et
al. 2005). Seawater dilution series were prepared in
pre-washed (10% HCl, plus 3 rinses with ambient
0.1 µm seawater) polycarbonate bottles (1120 ml),
using 0.1 µm filtered seawater (Pall AcroPak 500
capsule with Supor Membrane, pre-soaked in 10%
HCl for ≤1 h) and whole seawater (WSW), resulting
in duplicate bottles filled with 20, 38, 55, 82 and
100% WSW, with nutrients added (45 µM NH4Cl
and 31.5 µM KH2PO4, final concentration) to relieve
potential nutrient limitation. Additional duplicate
WSW control bottles (no nutrients added) were pre-
pared. Ambient nitrogen and phosphorus concen-
trations in Kāne’ohe Bay were much lower than
those used in the nutrient-addition treatments.
These treatments are used to encourage maximum
phytoplankton growth rates to ensure that lack of
remineralized nutrients are not a problem in esti-
mation of mortality rates, rather than estimating
in situ growth rates, so the amount of nutrient addi-

21



Mar Ecol Prog Ser 590: 19–34, 2018

tion is not a crucial feature in interpreting these
experiments.

Bottles were incubated in clear plexiglass incubators
placed at ~1 m depth, to simulate in situ light and tem-
perature conditions, for 24 h. Initial and final samples
were taken for FCM, chl a, abundance and biomass of
the microbial community (EPI-MICRO, LUGOLS-
MICRO).

The phytoplankton net growth rate (k, d−1) was
plotted as a function of seawater dilution factor. The
dilution factor (Di) is the proportion of WSW in the di-
lution treatment for the nutrient-enriched treatments
and yields phytoplankton growth (μN, growth with
nutrients = y-axis intercept) and phytoplankton mor-
tality due to microzooplankton grazing (m = slope)
(Landry & Hassett 1982). A Model II linear regression
was calculated (Bohonak & van der Linde 2004) and a
t-test was applied (p < 0.05) to test the significance of
the result (H0: m = 0). Chl a-based mortality rates (m,
d−1) and ciliate abundance (C, cells l−1) were used to
estimate ciliate clearance rates (F, µl ciliate−1 h−1), i.e.
F = C × m.

Phytoplankton growth without added nutrients (μ0)
is the sum of grazing mortality (m) and mean net
growth rate (k0) in the unamended seawater treat-
ments (μ0 = k0 + m). Growth rates were adjusted for
photoadaptation, by determining the average red
fluorescence per cell in the initial (redi) and final
(redf) SYN and A-EUK (FCM) populations and com-
puting a weighted average correction factor, CF =
ln(redf/redi), to add to the chl a-based growth rate.
Ciliate and dinoflagellate (heterotrophs only) mortal-
ity (mZ) and gross growth (μZ) rates were estimated
from initial and final estimates of their biomass in 20
and 100% WSW bottles, using the following:  

mZ =  (k20% − k100%)/(1 − 0.20) (1)
and

μZ = k100% + mZ (2)

where k20% and k100% equal the net growth rate in
the 20 and 100% incubation bottles, respectively.
This approach assumes that growth and grazing of
the heterotrophs are decoupled by dilution in a linear
fashion and that heterotroph gross growth rates are
unaffected by dilution.

RESULTS

Environmental context

Based on stream discharge rates, each experiment
was categorized as occurring under either wet, high

flow (>0.05 m3 s−1) or dry, normal flow (<0.05 m3 s−1)
conditions (Fig. 2, Table 1). The microbial ecosystem
reflected in Expts 1 and 2 represented wet condi-
tions, with elevated chl a of ≥0.7 µg l−1. The August
2012 experiments (Expts 3 and 4) were preceded by
normal stream flows (<0.05 m3 s−1) and reflect dry
conditions, with chl a of ≤0.5 µg l−1. Expt 5 (27 May
2013) was preceded by a week of normal stream flow
(<0.05 m3 s−1), but on 12 May, stream discharge was
0.5 m3 s−1 before rapidly returning to normal stream
flow (Fig. 2). On 28 May (between sampling for Expts
5 and 6), another large pulse of water entered the bay
(1.3 m3 s−1), but chl a (~0.3 µg l−1) was still low on 29
or 31 May (Expts 6 and 7). Thus, Expts 6 and 7 repre-
sent a transition from dry to wet conditions in Expts 8
and 9 (chl a ≥ 0.9 µg l−1).

Microbial community abundances

Autotrophic community

The wet conditions of Expts 1, 8 and 9 had the
highest overall phytoplankton biomass (90−98 µg C
l−1), followed by Expt 2 (82 µg C l−1). PRO was pres-
ent only in Expts 1 and 2. Under wet conditions,
SYN increased in abundance, but larger (>3 µm)
phytoplankton, including chain-forming Chaeto-
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indicated on Fig. 1). The x-axis covers the time period of all
experiments from March 2012 through August 2013, and
individual experiment times are noted on the figure, as are
the season (winter or summer), year (2012 or 2013) and
 system state (wet, dry, transition). Data from the US Geolog-
ical Survey National Water Information System (http://nwis. 

waterdata.usgs.gov/nwis/)



Selph et al.: Subtropical microbial food web connections

ceros spp. centric diatoms, dominated biomass
(Table 2). Larger (>20 µm) autotrophic dinoflagel-
lates (A-DF) had 10-fold more biomass in Expts 8
and 9 wet conditions relative to the other experi-
ments and were mainly represented by Prorocen-
trum sigmoides Böhm-like cells. Also present at low
abundance in most experiments was the dinoflagel-
late Akashiwo sanguinea (Hirasaka) G. Hansen et
Moestrup (Daugbjerg et al. 2000). Phytoplankton
biomass was lower under dry or transition condi-
tions (37−64 µg C l−1). The dry condition phyto-
plankton communities were dominated by 2−3 µm
A-EUK and SYN.

Heterotrophic community

The microzooplankton community (10−200 µm in
length) included heterotrophic and mixotrophic
protists and metazoan nauplii. Heterotrophic dino-
flagellate (H-DF) and heterotrophic ciliate (H-CIL)
biomass had a significant positive relationship with
their nano- and microphytoplankton prey biomass
(Fig. 3, r2 = 0.92, t-test, p < 0.05). Larger (>20 µm)
H-DF were mainly Gyrodinium, Protoperidinium or
Amphidinium spp., and their highest biomass was
found in wet conditions. H-CIL were mainly
>20 µm aloricate oligotrichs. Mixotrophic ciliate

23

Expt           Date           PAR surface         Wind         Wind speed       Rainfall                 T                 System             Chl a
                                    (µmol m−2 s−1)     direction           (knots)               (mm)                 (°C)                 state               (µg l−1)

1 16 Mar 2012             1201                  NE              13.5 ± 1.0             389                   22                   Wet                  1.15
2 30 Mar 2012             1582                 NNE             12.0 ± 2.7             14                   23                   Wet                  0.71
3 5 Aug 2012             1735                 ENE             10.5 ± 1.3             9                   26                   Dry                  0.38
4 8 Aug 2012             1748                 ENE             13.5 ± 1.0             13                   26                   Dry                  0.52
5 27 May 2013             1454                  NE              12.1 ± 1.1             6                   26                   Dry                  0.37
6 29 May 2013             1490                 ENE             7.9 ± 4.2             7                   26               Transition             0.31
7 31 May 2013             1490                  NE              9.8 ± 1.7             8                   26               Transition             0.27
8 3 Jun 2013             1639                  NE              12.8 ± 1.5             9                   26                   Wet                  0.88
9 5 Jun 2013             1602                  NE              12.2 ± 1.2             6                   26                   Wet                  0.95

Table 1. Experiment sampling dates, environmental conditions (photosynthetically active radiation [PAR], wind direction and
speed, rainfall, surface temperature [T ], system state) and chl a at the beginning of each experiment in southern Kāne‘ohe
Bay. PAR is measured at the sea surface; wind direction and speed refer to averages (±SD) near the study site; rainfall is the
total amount measured during the 2 wk prior to the sampling date. System states are defined as dry = background stream flow
(<0.05 m3 s−1, He‘eia Stream gauge) into the bay for 1 to 2 wk prior to sampling and wet = rain-induced increased stream flow 
(>1 m3 s−1, He‘eia Stream gauge), bringing sediments and nutrients into the bay, 1 to 2 wk prior to and/or during sampling

Method                               1                 2                 3                 4                 5                 6                 7                 8                 9
Group  System state:   Wet            Wet             Dry             Dry             Dry           Trans         Trans           Wet            Wet

FCM                                     
PRO                           6.7 ± 0.1   7.7 ± 0.6         −               −               −               −               −               −               −
SYN                           34.1 ± 1.4   51.2 ± 2.9   17.6 ± 0.5   26.6 ± 0.4   6.8 ± 0.1   35.5 ± 3.8   17.8 ± 1.1   46.1 ± 0.7   52.8 ± 0.5
A-EUK (2−3 µm)       43.5 ± 4.1   17.9 ± 2.8   13.7 ± 0.5   19.5 ± 1.2   23.1 ± 1.9   21.0 ± 2.1   11.5 ± 1.2   22.2 ± 0.9   30.2 ± 0.3

EPI-MICRO                        
A-EUK (3−10 µm)         nd       3.7 ± 2.4   5.9 ± 2.8   5.6 ± 2.0   3.9 ± 2.1   6.5 ± 4.2   15.2 ± 9.2   18.2 ± 8.2   10.6 ± 3.9
A-EUK (10−30 µm)   2.0 ± 2.4   1.1 ± 1.4   5.6 ± 1.9   3.8 ± 2.1   2.9 ± 2.0   1.2 ± 0.7   1.3 ± 1.6   2.1 ± 1.6   2.2 ± 2.1

LUGOLS-MICRO               
Diatoms                     7.8 ± 6.9         0         0.9 ± 1.4   2.4 ± 2.8 0.04 ± 0.06       0               0       0.07 ± 0.09 0.4 ± 0.6
A-DF (>20 µm)             0.2            0.2            0.12            0.1             0             0.1            0.1            1.4            1.3

Total autotrophic +       >94             82             44             58             33             64             46             90             98
mixotrophic community

Table 2. Autotrophic microbial biomass (µg C l−1) in Expts 1 to 9, reported as average (±SD) values. Groups listed are
Prochlorococcus (PRO), Synechococcus (SYN), autotrophic eukaryotes (A-EUK), diatoms and autotrophic dinoflagellates (A-
DF). Methods for quantifying each group were flow cytometry (FCM, duplicates), epi-fluorescence microscopy (EPI-MICRO)
and inverted microscopy of acid Lugol’s preserved samples (LUGOLS-MICRO). Biomass is calculated for each group as 

described in the section ‘Microbial abundance and biomass’. nd: no data available; –: not present; Trans: Transition
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(M-CIL) species were Mesodinium rubrum Loh -
mann (1908), Tontonia sp. and Laboea strobila
Lohmann (1908). Metazoan larvae had the highest
biomass in the wet spring conditions of Expt 1 and,
despite a dominance by copepod nauplii, also
included polychaete and gastropod larvae (Table 3).

In the other experiments, the lower metazoan bio-
mass mainly comprised copepod nauplii.

Phytoplankton growth and mortality rates

Chl a-based rate measurements

Phytoplankton community growth and mortality
rates, based on chl a, were available for Expts 3 to 9
(Table 4). The net growth response to dilution was
invariably linear (Fig. 4), and except for Expt 4, all
mortality rates were significantly different from zero
(t-test, p < 0.05, Table 4). Growth rates were adjusted
for photoadaptation (Table 4), with only Expt 6 show-
ing a significant difference in growth rate (i.e. no cor-
rection: μ0 = −0.21 d−1, with correction: μ0 = 0.41 d−1).
Phytoplankton responded to macronutrient additions
in all cases, i.e. 0.2 d−1 in Expt 3 and ≥0.6 d−1 in all
other experiments (Table 4). Microzooplankton-
induced mortality (m) of the phytoplankton commu-
nity was substantial, ranging from 0.3 to 0.7 d−1, and
accounted for over 100% of daily growth (m:μ0,
Table 4, negative μ0 values set to 0.01 d−1). Coeffi-
cients of determination (r2), based on regressions of
net growth rate as a function of dilution factor (proxy
for grazing impact), were high (r2 ≥ 0.7) for 5 of 7
experiments.
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Method                             1                 2                 3                 4                 5                 6                 7                 8                 9
Group   System state:  Wet            Wet             Dry             Dry             Dry           Trans         Trans           Wet            Wet

FCM                                   
H-BACT                   14.3 ± 0.9   15.2 ± 0.7 7.6 ± 0.4     7.0 ± 0.2     3.5 ± 0.5 3.7 ± 0.1 6.3 ± 0.4   10.1 ± 0.3 11.2 ± 0.3

EPI-MICRO                       
H-EUK (3−10 µm)         nd       20.0 ± 10.3 10.4 ± 3.0     8.4 ± 3.2     8.2 ± 3.2 10.4 ± 2.0 10.8 ± 5.8   11.9 ± 3.4 21.2 ± 13.7
H-EUK (10−20 µm)  9.5 ± 6.9     6.6 ± 3.5 7.5 ± 2.9   14.3 ± 10.0   5.5 ± 2.8 7.0 ± 4.6 5.8 ± 3.8   12.7 ± 4.8 27.5 ± 9.1

LUGOLS-MICRO             
H-CIL (<30 µm)            0.3              0.3              0.1              0.2              0.2              0.4              0.2              0.6              0.5
H-CIL (>30 µm)            1.2              0.1             0.02             0.1              0.1             0.01            0.03             0.4              0.7
H-DF (20−30 µm)         0.5              0.1             0.02               0               0.04            0.03             0.2              0.3              0.6
H-DF (>30 µm)             2.7              0.5              0.2              1.4              0.5              0.3              0.2              2.5              1.1
M-CIL                           2.4              0.1              0.1              0.1             0.02               0               0.01             0.3              0.5
H-META                     13 ± 6         1 ± 1           4 ± 2           2 ± 1           8 ± 3           8 ± 2       0.3 ± 0.2       2 ± 2           4 ± 3

Total heterotrophic     >44             44               30               34               26               30               24               41               67
community                         

Table 3. Heterotrophic biomass (µg C l−1) in Expts 1 to 9, reported as average (±SD) values. Groups listed are heterotrophic
bacteria, eukaryotes, ciliates, dinoflagellates and metazoan nauplii (H-BACT, H-EUK, H-CIL, H-DF and H-META, respec-
tively), as well as mixotrophic ciliates (M-CIL). H-CIL are mainly Strombidium and Strobilidium, with occasional tintinnids. H-
DF are mainly gymnodinids (e.g. Gyrodinium) and Protoperidinium spp. M-CIL are Tontonia, Laboea strobila and Meso-
dinium rubrum. H-META are mostly copepod nauplii and copepodites, but occasionally meroplanktonic larvae were present.
Methods for quantifying each group were flow cytometry (FCM), epi-fluorescence microscopy (EPI-MICRO) and inverted 

microscopy of acid Lugol’s preserved samples (LUGOLS-MICRO). nd: no data available; Trans: Transition
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Cell-based rate measurements

Under wet spring conditions, PRO were growing
very fast (Expt 1, 1.56 d−1), with a slight decrease in
growth with macronutrient addition, and 79% of
growth was lost to mortality (Table 5, Fig. 5). Two
weeks later, PRO were growing more slowly (Expt 2,
μ0 = 0.61 d−1) and were consumed at a higher rate
than produced (m:μ0 = 1.77), but growth increased
~36% with nutrient additions.

SYN showed positive growth rates in all experi-
ments (1.14 ± 0.40 d−1), with mortality rates averag-

ing 0.58 ± 0.40 d−1 (Table 5, Fig. 5). The highest pro-
portion of SYN biomass was consumed during wet
periods (90%) and then transition periods (42%),
with the lowest consumed during dry periods (27%).

Growth rates of H-BACT always exceeded 1 dou-
bling per day (1.52 ± 0.42 d−1, Table 5, Fig. 5), and
~3/4 of their growth was consumed daily. Their
response to added inorganic nutrients was modest in
5 of 9 experiments (0.02 to 0.26 d−1).

During wet conditions in Expt 1, 2−3 µm A-EUK
growth was 1.50 d−1, and no growth increase was
seen with added nutrients; however, in Expt 2, 2 wk
later, A-EUK growth was significantly slower (0.51
d−1), and growth rates doubled with nutrient amend-
ment (1.02 d−1) (Table 5, Fig. 5). A-EUK growth rates
were negative (−1.19 to −0.19 d−1) in all other experi-
ments. The effect of adding nutrients to Expts 3 to 9
varied, with some showing increased rates, some
showing decreased rates and one showing no change
(Expt 9). A-EUK mortality rates were 69 and 100% of
growth in the wet conditions of Expts 1 and 2, respec-
tively (Table 5). A-EUK in Expts 3, 5 and 6 experi-
enced high mortality rates, while A-EUK in Expts 4, 8
and 9 had non-significant mortality rates (m = 0).
Expt 7 A-EUK had negative mortality rates (−0.44 d−1),
which indicates that the dilution experiment assump-
tions were violated.

Microzooplankton growth and mortality rates

Growth rates of smaller (<30 µm) H-CIL were pos-
itive in 3 experiments (Expts 1, 3 and 7), with an aver-
age of 0.35 ± 0.13 d−1 (Table 6). They exhibited near-
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Expt     Chl a             μ0         μN         m       r2        CF
          (µg l−1)           (d−1)       (d−1)      (d−1)               (d−1)

3            0.38             −0.03       0.15       0.31   0.69   −0.01
4            0.52             −1.01       0.53       0.11   0.01   0.18
5            0.37             −0.15       0.47       0.74   0.86   −0.08
6            0.31             0.41       1.19       0.68   0.95   0.46
7            0.27             −0.06       0.99       0.47   0.26   0.03
8            0.88             −0.68       0.70       0.65   0.78   0.32
9            0.95             −0.34       0.71       0.45   0.94   0.22

Table 4. Phytoplankton growth and mortality rates based on
changes in chl a during 24 h seawater dilution incubation
experiments. Shown are initial chl a concentrations, phyto-
plankton growth rates without added nutrients (μ0) and with
added nutrients (μN), mortality rates (m) and the coefficient
of determination (r2) for each reduced major axis regression.
The only non-significant regression (t-test, p ≤ 0.05) is for
Expt 4 and is in italics. All rate data are adjusted for pigment
photoadaptation during the incubation, using the weighted
average Synechococcus and autotrophic eukaryote red fluo-
rescence from parallel flow cytometry samples. The magni-
tude of the correction factor (CF) is shown. Bold: negative 

growth rates

Fig. 4. Net phytoplankton growth rates for the entire phytoplankton community as a function of the whole seawater dilution
factor (as percent whole seawater, % WSW), as measured by chl a. Shown are treatments with (filled symbols) and without
(open symbols) added macronutrients (nitrogen and phosphorus). Reduced major axis regression results are reported in 

Table 4. (A) Dry condition Expts 3, 4 and 5; (B) transition condition Expts 6 and 7; (C) wet condition Expts 8 and 9
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zero or negative growth rates in the remaining ex -
periments. This size class of H-CIL tended to experi-
ence high mortality rates during dry conditions (0.9−
1.1 d−1, 3 experiments) or, conversely, no mortality in
most wet condition experiments (Expts 2, 8 and 9).
The exception is Expt 1, where the mortality rate was
high (1.42 d−1) under wet conditions.

In Expts 1 and 9 (wet conditions), larger (>30 µm)
H-CIL showed negative growth rates and low mortal-
ity rates but high biomass (Table 6). The lowest bio-
mass of large H-CIL was in the transition Expt 6,
which corresponded to zero growth and mortality
rates. In the remaining 6 experiments, positive
growth rates were found, along with mortality rates
ranging from 0.11 to 4.29 d−1 (Table 6).

Smaller (20−30 µm) H-DF had positive growth in
most experiments, with the exception of Expt 4 (small -
er dinoflagellates absent) and Expt 8 (μZ = −2.42 d−1)
(Table 6). Mortality rates ranged from 0 (Expt 8) to
4.17 d−1 (Expt 9). Larger (>30 µm) H-DF had negative
growth in 3 of 9 experiments (Expts 1, 2 and 4), zero
growth in Expt 7 and positive growth (0.06−0.84 d−1)
in the remaining 5 experiments. Mortality rates were
zero for the larger H-DF in 5 of 9 experiments but high
in the rest of the experiments, which had significant
biomass of metazoan nauplii in the incubation bottles.

DISCUSSION

Environmental context

Oligotrophic conditions in Kāne’ohe Bay during
dry periods (Ringuet & Mackenzie 2005, Drupp et al.

2011) and otherwise favorable conditions for growth
(sufficient irradiance, high temperature) suggest that
the eukaryotic phytoplankton community was poised
to take advantage of nutrient additions, as illustrated
by the observed rapid (within 24 h) and often dra-
matic response to macronutrient additions. Wind-
induced mixing of surface runoff in the bay has been
shown to decrease the period of elevated surface
nutrients (DeCarlo et al. 2007), and the highly vari-
able chl a and nitrate data (Drupp et al. 2011) indi-
cate frequent small-scale mixing events. This result
has been found in other systems (Pinckney et al.
1999, Örnólfsdóttir et al. 2004) and is consistent with
weather-related disturbances maintaining prokary-
otic microbial diversity (Yeo et al. 2013). Our results
suggest that this also applies to the bay’s eukaryotic
microbial community.

Phytoplankton community

SYN is the dominant cyanobacteria taxon in the
bay and contributes ≥35% of phytoplankton biomass.
SYN had positive net growth in 8 of the 9 experi-
ments reported here, and in these experiments,
microzooplankton grazing impact was 47 ± 22%
(m:μ). Landry et al. (1984) reported a lower m:μ ratio
(7−27%) for SYN, and Ayukai (1996) also found
much higher SYN growth relative to mortality in a
similar nitrogen-limited oligotrophic 26 to 27°C sys-
tem on the Great Barrier Reef, Australia. Thus, SYN
growth often exceeds mortality in oligotrophic
coastal ecosystems (including Kāne’ohe Bay). In con-
trast, PRO were only detected in Expts 1 and 2, which

Expt        PRO                               SYN                              A-EUK           H-BACT         
            μ0       μN       m        r2              μ0       μN       m        r2              μ0       μN       m       r2              μ0       μN       m        r2

1         1.56    1.40    1.23    0.90          1.65    1.38    1.22    0.80         1.50   1.35   1.04   0.69          1.32    1.02    0.90    0.69
2         0.61    0.83    1.08    0.64          0.59    0.72    0.88    0.68         0.51   1.02   0.55   0.42          1.18    1.16    1.27    0.41
3            −         −         −         −             0.94    0.67    0.17    0.27         −0.33 −0.43  0.79   0.81          1.36    1.32    0.86    0.95
4            −         −         −         −             0.83    1.11    0.32    0.62         −0.72 −0.36  0.66   0.22           1.36    1.57    0.90    0.83
5            −         −         −         −             1.54    1.19    0.36    0.61         −0.84 −0.35  0.88   0.47          2.49    2.30    1.14    0.91
6            −         −         −         −             1.75    1.29    0.60    0.95         −0.14 −0.33  0.39   0.80          1.93    1.95    1.31    0.97
7            −         −         −         −             1.00    1.16    0.49    0.40         −1.19 −0.13  –0.44   0.25          1.41    1.60    1.06    0.82
8            −         −         −         −             0.97    1.29    0.79    0.86         −0.19 −0.25  0.35   0.05           1.25    1.51    1.04    0.89
9            −         −         −         −             0.99    1.38    0.54    0.87         −0.20 −0.20  0.17   0.06           1.41    1.64    1.07    0.94

Table 5. Microbial growth and grazing rates in Expts 1 to 9. Shown are daily rate determinations for population-specific groups
(as determined by flow cytometry) of Prochlorococcus (PRO), Synechococcus (SYN), autotrophic eukaryotes (A-EUK) and non-
pigmented heterotrophic bacteria (H-BACT). Rates (d−1) were determined with seawater dilution experiments and are
reported as growth with no nutrient amendments (μ0), growth with macronutrient amendments (μN) and mortality (m). Also
shown is the coefficient of determination (r2) for the reduced major axis regression of net growth rate as a function of dilution 

factor. Non-significant regressions are in italics. –: not present. Bold: negative growth rates
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were subsequent to an extremely large storm event
lasting several days, ending a dry period and causing
the base flow of He‘eia Stream to increase from ~0.08
to 2 m3 s−1. Along with this storm, the prevailing wind
direction changed from normal NE trade winds to
more northerly winds; the combined effect of vari-
able winds and high stream flow likely caused more
exchange of the bay water with offshore water
and temporarily decreased seawater residence time
within the southern bay. This advective transport is
the likely source of PRO in the southern bay, as this

taxon usually only occurs in the extremely oligo -
trophic waters outside the bay and sometimes in the
most northerly portion of the bay (Monger & Landry
1993, Liu et al. 1995, Cox et al. 2006). Both PRO and
SYN were growing at essentially the same rate in
Expts 1 and 2, and in Expt 1, they were both being
consumed at similar rates. However, PRO was con-
sumed faster than SYN in Expt 2—indicating that
PRO might be preferred prey and possibly explain-
ing its usual absence in the bay, as has been hypoth-
esized by Worden et al. (2004).

27

Fig. 5. Net cell-based growth rates for all phytoplankton populations as a function of dilution factor (percent whole seawater,
% WSW), as measured by flow cytometry, and arranged by system state (left to right: dry, transition, wet). Populations are as
follows: top row, Prochlorococcus (PRO, Expts 1 and 2 only) and Synechococcus (SYN); middle row, autotrophic eukaryotes
(A-EUK); bottom row, heterotrophic bacteria (H-BACT). Experimental treatments with and without added macronutrients
(nitrogen and phosphorus) are shown as filled and open symbols, respectively. Reduced major axis regression results are
reported in Table 5 and are shown here as solid lines, except for Expts 2 and 5, where they are dashed lines for clarity. Symbol
shapes represent each experiment (e.g. Expt 3 symbols are circles for all populations), with the exception of PRO in Expts 1 

and 2, which are indicated by triangles. A horizontal dashed line in each panel is positioned at zero net growth rate
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Autotrophic eukaryote growth rates were highest
in the high flow condition experiments, with positive
growth in Expts 1 and 2, and although they had neg-
ative growth in the other experiments, the least neg-
ative growth rates were observed in Expts 8 and 9
(Table 5). Negative growth rates for naturally oc -
curring eukaryotic phytoplankton have been re -
ported (Kagami & Urabe 2001, Liu et al. 2002, Bec et
al. 2005, Berninger & Wickham 2005, Collos et al.
2005, First et al. 2007, Calbet et al. 2011) and are usu-
ally attributed to viral lysis or artifacts of the seawater
dilution technique. Since the prokaryotic autotrophic
and heterotrophic populations showed reasonable
growth rates, and the autotrophic eukaryotes had pos-
itive growth in some experiments, there is no evi-
dence to suggest failure of the dilution experiment.

Dolan & McKeon (2005) raised con-
cerns that micro zooplankton grazing
as measured by the seawater  dilution
method is overestimated, particularly
in  oligo trophic regions, based on the
argument that un realistically high cil-
iate clearance rates (>20 µl ciliate−1

h−1) are inferred from the experimen-
tally determined mortality rate. The
average mortality rate from these ex -
periments (chl a) was 0.49 ± 0.22 d−1.
However, reasonable clearance rates
are found for the  experiments re ported
here (3−25 µl ciliate−1 h−1, Table 7),
based on the chl a-based phytoplank-
ton mortality rates from individual
experiments (Table 4). If dinoflagel-
late and smaller flagellate consumers
are considered, these ciliate clear-

ance rates would be even lower. Thus, the data re -
ported here are considered a reasonable as sessment
of microzooplankton impacts on phytoplankton.

Autotrophic eukaryote mortality rates due to graz-
ing were high (0.6 ± 0.2 d−1) in all experiments except
Expt 7, where the A-EUK may have been starved for
nutrients and thus of substandard nutritional quality
for micrograzers (Table 5). Ciliates, which use
chemo reception for prey selection (Verity 1988, 1991,
Gonzalez et al. 1990), often actively avoid stationary
phase phytoplankton and preferentially consume
fast-growing species (Verity 1988), whereas the Expt
7 A-EUK were dying at a fast rate (μ0 = −1.19 d−1) and
showed the most  dramatic increase in growth with
macronutrient additions relative to any other experi-
ment (Fig. 5).

Expt     <10 µm   10−20 µm 20−30 µm   >30 µm      Total      Clearance rate
          (cells l−1)   (cells l−1)   (cells l−1)   (cells l−1)  (cells l−1)   (µl ciliate−1 h−1)

1             929           714           179           3036         4857                 nd
2             71           857           321           179         1429                 nd
3             143           464           36           107         750                 17
4             893           750           250           107         2000                 3
5             321           821           214           0         1357                 23
6             357           1214           393           0         1964                 14
7             107           571           71           36         786                 25
8             429           964           500           571         2464                 11
9             107           607           429           464         1607                 12

Table 7. Heterotrophic ciliate initial abundance in each experiment, along
with estimated clearance rates, assuming that the majority of mortality esti-
mated from chl a-based dilution experiments (m [d−1], Table 4) is due to cili-
ates. Abundance data are from settled acid Lugol’s preserved samples, using
inverted microscopy. Ciliates are grouped into size categories, based on their
longest length measurement. Clearance rates = ciliate abundance × m. 

nd: no data available

Expt               Ciliates                                                                     Dinoflagellates                          
                        <30 µm length                         >30 µm length                       20−30 µm length                       >30 µm length
                    Z0          μZ         mZ                Z0           μZ         mZ                 Z0          μZ         mZ                 Z0          μZ         mZ

1                   0.29       0.30       1.42             1.20     −0.95       0.10              0.47       1.42       2.37               2.72    −0.72       0.69
2                   0.26       0.04       0                   0.06        2.27       0.11              0.07       1.25       0.36               0.50     –0.17       0
3                   0.12       0.50       1.17             0.02        0.28       0.28              0.02       1.38       0.11               0.18       0.58       1.72
4                   0.20     −0.34       0.96             0.12        0.45       0.45              0            0           0                    1.42    −0.10       0
5                   0.22     −0.57       0.93             0.12        0.86       4.29              0.04       0.95       1.05               0.52       0.10       0.50
6                   0.40     −1.61       0                  0.01        0             0                   0.03       0.18       0.91               0.27       0.06       0.29
7                   0.18       0.25       1.05             0.03        0.62       0                   0.15       0.47       1.04               0.17       0           0
8                   0.56     −2.24       0                  0.42        1.10       2.36              0.27     −2.42       0                    2.48       0.33       0
9                   0.54     −1.23       0                  0.73     −0.22       0                   0.56       0.83       4.17               1.06       0.84       0

Table 6. Heterotrophic ciliate and dinoflagellate initial biomass (Z0, µg C l−1), estimated growth (μZ, d−1) and mortality (mZ, d−1)
rates in Expts 1 to 9. Cells are divided into <30 and ≥30 µm length categories. Mixotrophic species are not included in the 

biomass and rate estimates. Bold: negative growth rates
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Comparable studies

The most comparable study for phytoplankton
growth and mortality rates is that of Landry et al.
(1984), conducted in Kāne’ohe Bay during Septem-
ber 1982, which reported an ambient concentration
of 0.48 µg chl a l−1. They found that 47% of the auto-
troph biomass was dominated by Chlorella sp., with
few diatoms. This state of the bay is most comparable
to our dry conditions, with ~0.4 to 0.5 µg chl a l−1;
however, no dominant eukaryotic phytoplankton
group was evident. Other southern bay studies
include Ringuet & Mackenzie (2005), who found
baseline conditions (2001−2003) of 0.50 ± 0.28 µg chl
a l−1, and the 2.5 yr study of Drupp et al. (2011), who
reported a summer average of 0.48 ± 0.28 µg chl a l−1

(December 2005−June 2008).
Landry et al. (1984) estimated a total community

carbon of 86 µg C l−1, with 65 µg C l−1 represented by
phytoplankton. Our phytoplankton biomass esti-
mates for Expts 3 and 4 are 44 and 58 µg C l−1,
respectively, which is remarkably similar, given the
different approaches for estimating biomass. In con-
trast, heterotrophic consumer biomass (i.e. not
including heterotrophic bacteria) in these experi-
ments was ~24 µg C l−1, relative to Landry et al.’s
(1984) estimate of ~13 µg C l−1. Thus, the ratio of
 heterotroph:autotroph biomass for Expts 3 and 4
(~24/58 = 0.41) is twice as high in the present study
relative to the 1982 study (~13/65 = 0.20), which sug-
gests a greater role of microzooplankton in control-
ling phytoplankton populations and a higher turn-
over rate of the community.

Assuming the same community is sampled over
time, given the relatively long residence time of
water in the southern part of Kāne’ohe Bay (Smith et
al. 1981), the data from Expts 5 to 9 show evidence
for a lag in phytoplankton community response to
environmental forcing—taking at least 4 d to show a
chl a increase after elevated stream discharge into
the bay (28 May event, Table 1), with this effect per-
sisting for at least 8 d (i.e. elevated chl a continues to
Expt 9). This time frame is similar to the lag of ~5 d
observed in Hoover et al. (2006) for increased chl a
after a storm event and is within the 3−7 d response
observed by Cox et al. (2006). Also, similar to Hoover
et al. (2006), smaller (3−10 µm) autotrophic eukary-
otes showed the most rapid increase after the stream
input event (Table 2), from ~4 to 6.5 µg C l−1 in 2 d
(Expts 5 and 6) and then to 15 µg C l−1 at 4 d (Expt 7).
Hoover et al. (2006) also observed a peridinin peak
(autotrophic dinoflagellates) at 3 d post-storm, fol-
lowed by a fucoxanthin peak (diatoms) at 5 d post-

storm. This general trend was also seen during Expts
5 to 9, since >20 µm autotrophic dinoflagellates
increased 10-fold in biomass from Expts 5 to 8
(mainly comprising Prorocentrum sigmoides Böhm-
like cells), while diatoms only doubled during that
period but then increased 10-fold by Expt 9. Hetero-
trophic biomass also increased, reaching a high bio-
mass by Expt 8, with most populations still increasing
to Expt 9 (Table 3). Also, like in Hoover et al. (2006),
elevated concentrations of the heterotrophic dinofla-
gellate Protoperidinium spp., a known diatom con-
sumer, were observed in Expts 8 and 9, 6 d after the
stream discharge event.

Microzooplankton community

Similar to the autotrophic community, the ciliate
and dinoflagellate communities were distinctly dif-
ferent in the high stream flow vs. dry condition
experiments. In Expt 1, oligotrich ciliates dominated,
with ~45 to 60% of them mixotrophic taxa. Mixotro-
phic ciliates do not compete with phytoplankton for
inorganic nitrogen but are limited by suitable prey
for phagocytosis (Stoecker et al. 1988). Thus, their
dominance in Kāne’ohe Bay under wet conditions
suggests that they may be prey limited under the
dry ecosystem state (lower prey biomass, Table 2).
Mixotrophic ciliates also remineralize ammonia at
the same rates as non-mixotrophic ciliates, obtaining
this nutrition from phagocytized prey, so are consid-
ered a source, rather than a sink, of reduced nitro-
gen (Dolan 1997). The large (>30 µm) mixotrophic
ciliate species Laboea strobila and Tontonia sp. may
be particularly important in transferring primary
production to higher trophic levels as direct food
sources for naupliar copepods, meroplankton larvae
and the relatively small-bodied adult copepod spe-
cies found in Kāne’ohe Bay (Jungbluth & Lenz
2013).

The smaller (<30 µm) heterotrophic ciliates had
much slower growth (0.3 ± 0.2 d−1) than larger cells
(0.8 ± 0.7 d−1; note that neither average includes the
negative rate estimates), as was found in the north-
ern coastal Gulf of Alaska (Strom et al. 2007). Mon-
tagnes (1996) showed that cultures of Strobilidium
and Strombidium spp. rapidly die (negative growth
rates) if suitable prey biomass is too low. The nega-
tive growth rates found here tended to be associated
with higher standing stocks of ciliates and suggest
that heterotrophic ciliates were usually prey limited
and in a highly variable environment, with daily
changes occurring in community dynamics.
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The greatest biomass contributions to total hetero-
trophic eukaryote biomass came from <20 µm con-
sumers. Smaller (20−30 µm) dinoflagellates generally
showed higher growth rates than larger (>30 µm)
forms, as reported by Hansen (1992). The average
growth rate for the smaller heterotrophic dinoflagel-
lates (without the single highly negative rate in Expt
8) was 0.9 ± 0.5 d−1, whereas it was 0.3 ± 0.3 d−1 for
the larger forms (the latter average does not include
the 3 negative rates), which is in the range of maxi-
mum growth rates reported elsewhere (Jakobsen &
Hansen 1997, Anderson & Menden-Deuer 2017).
This is opposite to the pattern found for the 2 hetero-
trophic ciliate size groups, suggesting that the cili-
ates were more prey limited than the dinoflagellates.
The negative growth rate (−0.72 d−1) observed for the
>30 µm heterotrophic dinoflagellates in Expt 1 may
represent the community adjusting to the end of the
diatom bloom and going into a starvation mode
(Hansen 1992, Menden-Deuer et al. 2005). By Expt 2,
conducted 2 wk later, the >30 µm heterotrophic dino-
flagellate biomass was 5 times lower. Similarly, in
Expt 4, the >30 µm heterotrophic dinoflagellate bio-
mass was much higher than in Expt 3 (1.42 vs.
0.18 µg C l−1, respectively), but growth decreased
over the 3 d interval between experiments from 0.58
to −0.10 d−1, suggesting adjustment towards a starva-
tion survival mode.

Complex food web interactions

A proposed lower trophic level food web for the
southern part of Kāne’ohe Bay is shown in Fig. 6,
with an emphasis on identifying pathways of trophic
transfer from microbial to metazoan consumers. Dur-
ing dry (low stream flow) conditions, the phytoplank-
ton community (trophic level 1 [TL1]) was dominated
by SYN and smaller (2−10 µm) autotrophic eukary-
otes, with small (3−10 µm) heterotrophic eukaryotes
(H-EUK) as the primary consumers (trophic level 2
[TL2], Table 7). H-BACT are not included in the dia-
gram but also are prey for H-EUK. At trophic level 3
(TL3), 10−30 µm ciliates (H-CIL) mainly consume
smaller A-EUK and H-EUK. H-DF prefer prey closer
to their own size (Hansen et al. 1994, Jeong et al.
2010) and therefore are members at TL3 to trophic
level 4 (TL4). Finally, metazoan nauplii and larvae
(copepods and meroplankton) consume TL3 H-CIL
and TL3 or TL4 H-DF, in addition to smaller cells
(Vogt et al. 2013, Saiz et al. 2014, Jungbluth et al.
2017), and they may be feeding across TL2 to trophic
level 5 (TL5). Related studies on naupliar grazing

conducted concurrently with Expts 5 to 9 found
changing naupliar prey preference across the 10 d
period 27 May to 5 June 2013 (Jungbluth et al. 2017).
Under dry, background ecosystem states with lower
total biomass in the community (Expts 5 and 6), Jung-
bluth et al. (2017) showed that calanoid nauplii were
feeding significantly on readily available smaller
cells.

Under wet (high stream flow) conditions, with an
increase in macronutrient inputs, including silicic
acid, diatoms were episodically important (Fig. 6).
PRO, along with heterotrophic bacteria and SYN,
served as prey for the smaller 3−10 µm nano-H-EUK
(TL2). Under these conditions, larger autotrophic
dinoflagellates were also present, as well as very
large (>30 µm) heterotrophic dinoflagellates and cil-
iates. The larger H-CIL were likely feeding directly
on the larger phytoplankton (TL2), while the >30 µm
heterotrophic dinoflagellates were consuming cili-
ates, >30 µm heterotrophic dinoflagellates and the
diatoms (TL3 and TL4). Under these conditions,
many of the ciliates were mixotrophic (M-CIL) but
obligate phagotrophs on mostly smaller A-EUK
(TL2). Metazoans were present at elevated abun-
dance (e.g. Expt 1, Table 3) and may have been feed-
ing on any of the larger cells (TL2 to TL5). Concur-
rent naupliar grazing experiments found selective
feeding on larger cells during periods of higher prey
availability under high stream flow ecosystem condi-
tions (i.e. Bestiolina similis, Jungbluth et al. 2017).
Higher total biomass in the community under wet
ecosystem conditions (Expts 1−2 and 8−9) represents
greater prey availability for metazoans and increas-
ing prevalence of efficiently captured larger cells
(dinoflagellates, ciliates). This shift in metazoan graz-
ing preference towards larger cells may account for
the high ciliate and dinoflagellate mortality rates
found in seawater dilution Expts 8 and 9 (Table 6).

Ciliates and dinoflagellates form a major trophic
link between primary producers and higher TLs in
Kāne’ohe Bay, despite significant metabolic losses
during trophic transfer. Ciliates occupy TL3 or higher
in Kāne’ohe Bay; thus, less than 10% of primary pro-
duction would be expected to form their biomass (i.e.
at 30−40% gross growth efficiency per step, ~9−16%
of primary production would reach TL3). Lynn et al.
(1991), working in a similar system in tropical waters
off Kingston, Jamaica, also concluded that ~14% of
primary production was funneled through ciliates to
higher TLs. This inference, on the TL3 position of cil-
iates, is supported by the slope of 0.14 (Fig. 3), repre-
senting the autotrophic carbon comprising ciliates
and dinoflagellates. Thus, in these picoplankton-
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dominated ecosystems, a large fraction of primary
production is too small to be efficiently captured
directly by metazoan consumers, and microzoo-
plankton are therefore the main primary production
conduits to higher TLs.

CONCLUSIONS

As the dominant consumers of phytoplankton in all
marine ecosystems, microzooplankton control the
fate of primary production and the extent of carbon
transfer to higher trophic level consumers (e.g. meta-
zoans). Unlike temperate environments, where com-
munities are driven by seasonal changes in tempera-

ture and photoperiod, we demonstrate that in an
 oligotrophic coastal embayment (Kāne’ohe Bay),
 ecosystem dynamics alternate between stable dry
ecosystem states, with persistent macronutrient
 limi tation of phytoplankton growth, to episodically
storm-influenced wet ecosystem states, with distinct
microbial food web community structure and dynam-
ics (growth, mortality). Synechococcus and pico -
eukaryote (2−3 µm) biomass dominates the phyto-
plankton community under dry ecosystem states.
Prochlorococcus can be found in the southern bay
during wet ecosystem states but do not persist during
dry periods. Rapid growth of Synechococcus is
observed in both ecosystem states, but eukaryotic
phytoplankton growth is negative under dry condi-
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Fig. 6. Microbial food web in southern Kāne’ohe Bay under high and low stream flow ecosystem states, corresponding to dry
and wet states, respectively. Thick solid lines (left side) show predator−prey relationships during low stream flow conditions,
and thick dotted lines (right side) show additional trophic pathways that occur under high stream flow ecosystem states. Along
the left and right are proposed trophic level (TL) 1 to TL 5, with TL 1 at the autotroph level and the highest microzooplankton
consumer at TL 5 (metazoan nauplii and larval forms). Primary functional groups of organisms are shown at each trophic level.
Autotrophs shown include Synechococcus, Prochlorococcus, autotrophic eukaryotes and diatoms. Consumers shown include
heterotrophic eukaryotes (3−10 µm), dinoflagellates and ciliates, mixotrophic ciliates, and metazoan larvae and nauplii
(including copepod and meroplankton species). The cloud and sun symbols indicate high and low stream flow ecosystem
states. Numbered images refer to the following: 1, copepod nauplius; 2, copepod nauplius; 3, polychaete nauplius; 4, unknown
meroplankton larva; 5, dinoflagellate consuming dinoflagellate via peduncle; 6, Laboea strobila; 7, Tontonia sp.; 8, Gyro-
dinium sp.; 9, Gyrodinium sp.; 10, aloricate ciliate; 11, aloricate ciliate; 12, Mesodinium rubrum; 13, Protoperidinium sp.; 14, 

diatom chain (Chaetoceros sp.) with Gyrodinium consumer
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tions. Larger heterotrophic consumers, dinoflagel-
lates Gyrodinium and Protoperidinium spp. and
mixotrophic ciliates Laboea strobila and Tontonia sp.
also appear in the ecosystem immediately following
storms, augmenting the number of trophic pathways
by which carbon moves from the microbial commu-
nity to metazoan consumers. Trophic complexity of
the ecosystem increases in post-storm wet states, and
with higher total community biomass, the microbial
food web supports higher transfer of production to
metazoans, which often show a numerical response
to storm inputs and altered recruitment in the post-
storm period (e.g. Hoover et al. 2006, Jungbluth
2016, 2017). Our results provide some of the first
observations on microzooplankton community dy -
namics from oligotrophic coastal ecosystems, includ-
ing the relatively well studied Kāne’ohe Bay. Future
work should focus on resolving whether autotrophic
eukaryotes regularly have negative growth rates
under dry conditions, as well as determining their
responses to silicate addition, and assessing benthic
contributions to nutrient enrichment, perhaps with
the use of in situ dialysis incubation chambers.
Another open question is the trophic role of the tran-
sient mixotrophic ciliate populations, including iden-
tifying their mortality agents.
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tions in Kāne’ohe Bay, O‘ahu, Hawai’i, and its relevance
to onset and end of a phase shift involving an indigenous
alga, Dictyosphaeria cavernosa. Pac Sci 69: 319−339

Stoecker DK, Silver MW, Michaels AE, Davis LH (1988)
Obligate mixotrophy in Laboea strobila, a ciliate which
retains chloroplasts. Mar Biol 99: 415−423

Strom SL, Macri EL, Olson MB (2007) Microzooplankton
grazing in the Gulf of Alaska:  variations in top-down
control of phytoplankton. Limnol Oceanogr 52: 
1480−1494

Taguchi S, Laws EA (1987) Patterns and causes of temporal
variability in the physiological condition of the phyto-
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