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ABSTRACT: To understand energy passing frorn bacterial production to metazooplankton in an 
aquatic ecosystem, the relative significance of bacterial and photosynthetic production as carbon 
sources for metazooplankton was determined in a 14 d coastal mesocosm experiment, using frequent 
in situ batch incubations with dissolved organic and inorganic '-'C tracers. The contnbution ratio (CR) 
of bacterial to photosynthetic production as rnetazooplankton food resources fluctuated from 6 to 41 O&, 

according to successional changes in the plankton community structure in the mesocosm. The lowest 
CR (6%) occurred when nano-sized autotrophs were highly abundant and appendicularians Oiko- 
pleura sp., which are capable of ingesting only pico- to nano-sized particles, increased rapidly. After 
these small autotrophs disappeared, the CR increased to 30-40%, suggesting that the appendiculari- 
ans were supported largely by bacterial production at that tlme. When the metazooplankton consisted 
mainly of copepods. the CR reached about 10% despite the relatively low ratio (ca 15%) of net bacter- 
ial community production to photosynthesis; also. the copepods would have been able to exploit bacte- 
nal production only through intermedianes such as bactenvorous protists. In this penod with copepods 
dominant, Gymnodinium mikimotoi was the dominant autotroph and might have been a main source 
of prey for grazers. However, copepods avoid this dinoflagellate, as often reported. Consequently, not 
much of the autotrophic production of the dinoflagellate might have been ingested by the copepods. 
We conducted that nano-sized autotrophs and herbivorous protists were likely to be the main suppliers 
of photosynthetic production for copepods, as nano-sized bactenvores were the suppliers of bactenal 
production. These findings suggest that bacterial production and the carbon pathway, 1.e. a microbial 
loop. are not always the terminus of organic carbon flow in food webs, but can be an integral compo- 
nent of the food pool for metazooplankton in the coastal environment. 
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INTRODUCTION 

Since the concept of the microbial loop in aquatic 
ecosystems was suggested (Azam et al. 1983), there 
has been much discussion about the fate of bacterial 
production, which amounts to 20-30% of photosyn- 
thetic production (Cole et al. 1988). Nowadays, it is 
often accepted that the microbial loop is mainly 

involved as a respiratory carbon sink (e.g. Sanders & 

Wickham 1993) because of the numerous trophic levels 
involved (e.g. Wikner & Hagström 1988). It is, hence, 
theoretically possible that only a small portion of pro- 
duction by bactenoplankton eventually reaches higher 
trophic levels, and this has been demonstrated experi- 
mentally (e.g. Ducklow et al. 1986). In this view, bacte- 
nal production contnbutes little to the food resources 
of rnetazooplankton, in particular when a classical food 
chain (e.g. d i a t o m s j  copepods) is predominant. How- 

0 Inter-Research 1999 
Resale of fui l  article not permitted 



32 Mar Ecol Prog Ser 186: 31-42, 1999 

ever, it has been reported that copepods often prefer 
nano- and micro-sized planktonic protists, which are 
members of the microbial loop, over phytoplankton 
(e.g.  Stoecker & Capuzzo 1990), and that a significant 
proportion of the copepods' diet Comes from these pro- 
tists (e.g. Gifford & Dagg 1991); also, some gelatinous 
zooplankton (e.g appendicularians) are capable of 
ingesting bactena-sized particles directly (e.g. All- 
dredge & Madin 1982), which may form an energy- 
efficient, short-circuiting pathway. It has also been 
stated that protists often consume mainly phytoplank- 
ton (e.g. see review by Sherr & Sherr 1994). It may be 
concluded that the carbon pathways of bactenal and 
primary production are similarly complex and may be 
both carbon sinks, as mentioned by Sherr & Sherr 
(1988), within the concept of the microbial food web. 
However, it is still uncertain whether or not bactenal 
production can supply food for rnetazooplankton and 
what proportion of the rnetazooplankton diet is sup- 
plied by bacterial versus photosynthetic production in 
aquatic ecosystems. 

One simple approach to clanfy the issue is to com- 
pare simultaneously the carbon flow from bactenal 
and photosynthetic production to rnetazooplankton. To 
date, only Wylie & Currie (1991) and our previous 
study (Koshikawa et al. 1996) have used this approach. 
Both studies showed that the percentages of algal or 
heterotrophic bactenal carbon transferred to metazoo- 
plankton per unit time were of a similar magnitude in 
freshwater and manne systems. These studies sug- 
gested strongly that metazooplankton can be sup- 
ported by both bacteria and algae, depending on their 
biomass or production. In addition, Wylie & Curne 
(1991) tned to analyze the relative significance of bac- 
teria and algae for rnetazooplankton using a compart- 
mental ecosystem model. They suggested that consid- 
erable carbon input to rnetazooplankton (16 to 21 76) 
originated from bactena and autotrophic picoplankton 
when cladocerans were dominant, but that this input 
was insignificant when copepods were dominant. 
However, their analysis depended on many assump- 
tions, such as the definition of number of trophic com- 
partments and the structure of their n~odel .  Our previ- 
ous study also showed that the availability of bacterial 
production for rnetazooplankton was quite different 
between copepod- and doliolid-dominant systems, 
suggesting that transfer efficiency of bacterial carbon 
to rnetazooplankton was strongly affected by the meta- 
zooplankton species. Ho~vever, we did not discuss in 
detail trophic interactions that included protists. 

The present study aimed to determine the relative 
contnbution for rnetazooplankton food resources of 
bactenal versus photosynthetic production, by quanti- 
tative comparison of the carbon flow from both dis- 
solved organic and inorganic carbon to metazooplank- 

ton per unit time, using short-term (4 h) in situ bottle 
incubation experiments with ~-[U-6- '~C]giucose or 
NaH['3C]03. Carbon flow was defined as the product 
of net community production and the percentage of 
I3C, originally taken up by bacterioplankton or 
autotrophs, transferred to metazooplankton dunng 
incubation. We also aimed to demonstrate how bacter- 
ial contnbution was controlled by changes in the 
plankton community structure, i.e. trophic interactions 
from picoplankton to metazooplankton. 

The I3C tracer expenments were done every few 
days within a coastal enclosed mesocosm (Watanabe et 
al. 1995) over a 2 wk period, which enabled us to 
observe rapid succession in the plankton community. 
Here we discuss the continuous changes in the contri- 
bution of bacterial versus photosynthetic production to 
rnetazooplankton, according to the changes in abun- 
dance and species of plankton in the mesocosm. 

MATERIALS AND METHODS 

Experimental conditions. A manne mesocosm (5 m 
in diameter and 16 to 17 m deep, ca 320 m3 in volume; 
See Watanabe et  al. 1995 for details) was deployed in a 
cove off the Ieshima Islands in the Seto Inland Sea, 
Japan, from 30 July (Day 0) to 12 August (Day 13) 1994. 
A vertical circulation system was installed, which pro- 
vided a well-mixed surface layer (0 to 5 m in depth) 
and prevented immobile species such as diatoms from 
sinking rapidly (Watanabe et al. 1995). Macronutnents 
(nitrate, phosphate, and silicate) were added at Day 0 
in order to promote a succession of plankton species. 
Seawater temperature, salinity, pH and oxygen con- 
centration at depths of 0, 1, 2.5 and 5 m were measured 
(Surveyer 11, Hydrolab. Co.) every morning at 09:OO h. 
Seawater sarnples were collected using a silicon-tube 
sampling system (for chl a, nutrient analyses and 
phytoplankton species determination) and a 10 1 Van 
Dorn sampler (for tracer expenments, enumeration of 
bactena, protozoans and metazoans) from depths of 
0.5, 2.5 and 5 m between 09:OO and 10:OO h during the 
experiment period. The samples (0.5 to I I) for chl a 
(Shimadzu HPLC system, Kohata et al. 1991) and nutri- 
ent analyses (Technicon AutoAnalyzer) were filtered 
with precombusted Whatman GF/F glass fiber filters 
(450°C for 4 h). The filters with chl a and filtrates for 
nutrient measurements were stored at -20°C. These 
sampling and analytical methods have been described 
in more detail by Watanabe et al. (1995). 

Plankton enumeration. Phytoplankton samples were 
fixed with 6 to 10 % formalin, and the species composi- 
tion, abundance, volumes (equivalent sphencal diame- 
ters-ESD) were determined by microscopy. Samples 
for pico- and nanoplankton, excluded from the phyto- 
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plankton enun~eration, were taken from a depth of 
0.5 m, fixed with glutaraldehyde (final conc. 1 %) and 
stored at 4°C until used for Counts. Subsamples were 
stained with DAPI (final conc. 1 mg ml-I; Porter & Feig 
1980) and then concentrated onto 0.2 or 0.8 pm poros- 
ity black Nuclepore filters under gentle vacuum. The 
filters were analyzed for abundance of picoplankton 
(0.2 to 2 pm, autotrophic picoplankton [APP] and free- 
living bactenoplankton), small nanoplankton (2 to 
8 pm, autotrophic nanoflagellates [ANF] and non-fluo- 
rescing heterotrophic nanoflagellates [HNF]) and 
large nanoplankton (8 to 20 pm, non-fluorescing het- 
erotrophic nanoflagellates and ciliates), using epifluo- 
rescence microscopy as described by Nakamura et al. 
(1995). Mixotrophic nanoflagellates were included 
with the ANF. Samples (10 1) for heterotrophic protists 
(>20 pm) and metazooplankton were taken from 
depths of 0.5 and 5 m and passed through 100 and 
20 pm plankton nets sequentially; these samples were 
fixed with 6 to 10% formalin and stored in a dark, cool 
place. Light microscopy was used to determine the 
abundance and species composition of the 20 to 
100 pm and >I00 pm size classes. 

Short-term in sihi incubation experiments. I3C 
tracer experiments were conducted to follow the trans- 
fer of labeled carbon from heterotrophic and auto- 
trophic producers to metazooplankton (Koshikawa et 
al. 1996). As a tracer to measure the bactenal carbon 
pathway, ~-[U-6- '~C]giucose (ca 5 mg 1-I) was chosen, 
since this Sugar occurs universally in seawater (Mop- 
per et al. 1980) and is extensively utilized by manne 
bacteria (e.g. Azam & Hodson 1977). For measurement 
of the photosynthetic carbon pathway, NaH[13C]03 (ca 
20 mg 1-I) was used. Seawater for the tracer experi- 
ment taken from a depth of 0.5 m in the mesocosm was 
transferred to an acid-cleaned 4.5 1 clear polycarbon- 
ate bottle and the relevant organic or inorganic I3C 
tracer was added. The bottle was then suspended for 
4 h (09:30 h to 13:30 h) at the depth from which the sea- 
water had been collected (0.5 m). The in situ incubated 
sample was fractionated by sequential filtration using 
plankton nets (100 and 20 pm mesh), a precombusted 
Whatman GF/F (ca 0.7 pm Pore size) filter and a pre- 
combusted Whatman Anodisc aluminum oxide filter 
(0.2 pm Pore size), which allows greater retention of 
bactenoplankton (Altabet 1990). The samples on the 
plankton nets were washed with filtered seawater 
(GF/F) to remove particles smaller than the respective 
mesh sizes and then collected on precombusted What- 
man GF/C filters. In order to determine the natural car- 
bon isotope ratio of particles at  the starting point of 
each incubation, the original seawater was also filtered 
with GF/F filters. The 5 and 6 in situ incubations for 
bacterial and photosynthetic pathways were carried 
out on Days 2, 4, 6, 8 and 10 and Days 1, 3, 5, 7, 9 and 

11, respectively. All filter samples were stored at -20°C 
until analysis. POC and I3C abundance (atom %) were 
determined using a System comprised of an elemental 
analyzer (EA1108, Fisons) and an isotope-ratio mass 
spectrometer (MAT252. Finnigan MAT) (Thompson & 
Calvert 1994). 

We tested the possibility that the addition of the high 
concentration of D-[U-6-'3C]glucose (5 mg 1-') influ- 
enced bacterial production over several hours. Each 
experimental day, the sample collected, together with 
that for the in situ incubation, was pre-screened with a 
Nuclepore filter (2 pm) and incubated with and with- 
out glucose (5 and 0 mg 1-I) for 6 h. Before and after 
each incubation, subsamples were fixed with glu- 
taraldehyde, and the increment of total bacterial bio- 
volume per unit sample volume (Abiovolume) in each 
incubation was determined by image-analyzed fluo- 
rescence microscopy (see below; 'Net bacterial com- 
munity production'). These sub-experiments, with and 
without glucose, did not show significant differences in 
apparent Abiovolume (pm3 ml-' 6 h-I). It was assumed 
that the enriched glucose would be used as an alterna- 
tive to the labile dissolved organic Substrate in our 
eutrophic mesocosm environment. Hence, it was also 
assumed that ~-[U-6- '~C]giucose addition did not 
greatly influence the amounts of bacterial carbon 
transfer through the plankton community in the in situ 
incubation bottles. 

In the case of incubation with high concentrations of 
labeled glucose and bicarbonate, uni-directional trans- 
fer of the labels from producers to higher trophic con- 
sumers would be dominant (i.e. bacteria4 bactenvores 
4 [higher order heterotrophic protists] -t metazoo- 
plankton, and autotrophs + [herbivorous protists] + 
metazooplankton). A Proportion of the added label car- 
ried in one carbon pathway might be carned to the 
other pathway through various biological activities 
(e.g. DOC exudation by phytoplankton). However, 
such transport of label would be small enough to be 
excluded from measurement of uni-directional label 
transfers in trophic carbon pathways under our experi- 
mental conditions (Koshikawa et al. 1996). 

PLT calculation. The net label transformation from 
dissolved to particulate carbon for each size fraction 
was calculated as the excess 13C (pg13c 1-I 4 h-') 
against natural carbon isotope abundance (Eq. 1). 

where a, and an are the I3C atom% in an incubated 
sample in a given size fraction, and in a natural Sam- 
ple, respectively, and POC (mg 1-') is the particulate 
organic carbon in a given size fraction. The >I00 pm 
fraction would compnse mostly the metazooplankton 
assemblage. Contamination by attached or flocculated 
bacteria on the >I00 pm particles was assumed to be 
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relatively insignificant (Koshikawa et al. 1996). Conta- 
mination by some large-sized or chain-forming phyto- 
plankton on the >I00 pm faction was also assumed to 
be insignificant. The possible overestimate due to such 
phytoplankton retention was about 15% of 13C deter- 
mination on the >I00 pm fraction. This was calculated 
as the difference in both the incorporated 13C and chl a 
concentrations between total particles and those 
retained on the >I00 pm fraction. Physical adsorption 
blanks of labeled carbon onto particulate materials, 
which were estimated separately by means of a glu- 
taraldehyde-killed incubation system, were negligible. 
The 13C label incorporation on the >I00 pm fraction 
was therefore assumed to come mainly from labeled 
carbon ingestion by metazooplankton. 

To determine the relative significance of carbon 
transfer to metazooplankton through bactena and 
autotrophs, the percentage of label transfer (PLT%) to 
the > 100 pm fraction (I3Cex, in the total transfer 
to all fractions ('3Cex,,u) was first calculated (Eq. 2). 

The PLT represents the proportion of carbon fixed by 
bactenoplankton or autotrophs and conserved as a 
part of the particles that may be transferred to meta- 
zooplankton by their feeding activities during the 4 h 
incubation, although a proportion of the fixed 13C label 
will be respired by the producers themselves and by 
some intermediaries such as heterotrophic protists. 
The PLT is an incubation time-dependent value but 
can be an index of the degree of ease with which car- 
bon passes through the trophic levels to metazoo- 
plankton (Koshikawa et al. 1996). 

CR calculation. The product of PLT (%) and the bac- 
tenal or photosynthetic production over 4 h or 
PP„) indicates the amount of dissolved organic or inor- 
ganic carbon transfer to metazooplankton size frac- 
tions (DOCMetao0 or DICM~azoo)  via the bactenal or pho- 
tosynthetic pathway during the in situ incubation time 
(Eq. 3). Since some respiration losses occur during 13C 
transfer to metazooplankton dunng incubation, BPdh 
and PP4h for calculating DOCMetazoo and DICbletazoo with 
the PLTs should be determined as net production, i.e. 
the quantities of produced and conserved particles in 
the food web. We defined these as 'net community pro- 
duction'. The methods for deterrnining BPdh and PP„ 
are descnbed later. 

The ratio of DOCM„„oo to DIC,(„„oo gives the rela- 
tive contnbution of bactenal and photosynthetic pro- 
duction as carbon resources for metazooplankton: CR 

(%) (contribution ratio) (Eq. 4). The CR is a more direct 
and quantitative value than PLT for the analysis of rel- 
ative carbon contnbution. 

Net photosynthetic community production. Net 
photosynthetic community production rate for 4 h 
(PP4h) (pg C 1-' 4 h-') was estimated by Summation of 
the carbon transformation rate from DIC to particles in 
each size fraction; the calculation was based on the 13C 
method of Hama et al. (1983) for the in situ incubation 
expenments, following label transfer in the photosyn- 
thetic carbon pathway conducted on Days 1,  3, 5, 7 ,  9 
and 11. 

Net bacterial community production. Bacteno- 
plankton assemblages use vanous dissolved organic 
compounds as carbon sources, and these compounds 
may have been consumed through different biochemi- 
cal processes and at different rates by different species 
in the bactenal carbon pathway. In this study, how- 
ever, we assumed that fixed natural DOC and fixed 13C 
derived from the enriched glucose by bacterioplankton 
would be consumed at similar rates of loss in the meso- 
cosm, because glucose is extensively used by bacteno- 
plankton in coastal environments. On this assumption, 
we determined the net bactenal community produc- 
tion as follows. 

Together with in situ incubation using D-[U-6- 
' 3~]g lucose  to follow the label transfer in the bactenal 
carbon pathway, we performed 2 batch incubations on 
Days 2, 4, 6, 8 and 10, using the same seawater taken 
from a depth of 0.5 m in the mesocosm. The seawater 
sample (ca 1 1) for the 2 incubations was passed 
through a 2 pm Nuclepore filter. A subsample of fil- 
trate (ca 500 ml) was incubated with ~ - [ U - 6 - ' ~ C ] g l u -  
cose (5 mg 1-') for 6 h at ambient temperature. Another 
subsample (ca 300 ml) was incubated without glucose 
in parallel. Prior to the incubation, other subsamples 
(50 ml ) were fixed with glutaraldehyde to measure the 
initial bactenal population density and biovolume. 
After incubation, a sample with ~-[U-6- '~C]giucose (ca 
300 ml) was filtered on a precombusted Whatman 
Anodisc filter (0.2 pm) to determine glucose uptake 
(pg I3C 1 - I  h-I), and a sample without glucose (ca 50 ml) 
was fixed with glutaraldehyde for measurement of the 
final bactenal density and biovolume. The fixed Sam- 
ples and filters were stored at 4 and -2OoC, respec- 
tively. Uptake of I3C glucose was determined by the 
system descnbed above (See 'short-term in situ incuba- 
tion expenments'). Bactenal density (ml-I) and biovol- 
ume (pm3 ml-') were determined using an image-ana- 
lyzer epifluorescence microscopy system compnsed of 
an Olympus BH-2 (magnification: 100 X 5; mirror unit: 
440 nm; band-pass filter 540 nm), a Hamamatsu Pho- 
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Table 1. Results of measurement of bacterial Abiovolume Table 2. Mean environmental variables (seawater tempera- 
(determined by image-analysis epifluorescence microscopy; ture, salinity, pH and dissolved oxygen) averaged by data Sets 
SD deterrnined by replicate analysis of single sample) and D- over depths of 0 to 5 m. Range of variation is for the whole 
[U-6-13C]glucose uptake in the 3 incubation Systems (See experimental period 

'Materials and methods' for details) 
I I 

Day Abiovolume2„ Glu-uptake2,,, Glu-uptake,,,,,,,, 
(x104 ml-I h- I )  (pg13c 1-1 h-11 (pg13c 1-1 h I ) 

2 11 + 2 3  7.5 1.6 
4 7 7 1 3 3  9.6 2.5 
6 6.6 + 2.7 6.9 2.7 
8 4.7 + 2.8 6.2 4.4 
10 4.3 I 1.9 7.1 4.0 

tonics C427 1 SIT CCD camera and an  Olympus XL500 
TV image processor (512 X 480 pixels, 8-bit-grayscale). 
Edge detection, image segmentation of bacterial cells 
and calibration were carried out by the methods of 
Viles & Sieracki (1992) and Venty & Sieracki (1993). 
Net bacterial community production (BP„) (mg C 1-' 4 
h-') was estimated using Eq.  (5). 

/ 4 )  Glu - uptake,,, „„ (5) 
(Abiovolume2„. f )  Glu - uptake2,,, 

where, Abiovolume2„ (pm3 ml-' h-') is the increment 
of bacterial biovolume per unit time in the 2 pm pre- 
screened incubation without glucose, and f is a conver- 
sion factor (pg C ~ m - ~ )  from bacterial biovolume to bio- 
mass. Thus 'Abiovolume2„ X f '  is Abiomass2„ (pg C 
1-1 h-1 ) .  We used a value of f = 0.2 (Kogure & Koike 
1987). Glu-uptake„, „„ and Glu-uptakezvm (pg I3C 1-' 
h-I) are ~ - [U-6- '~C]g iucose  uptake by bacterial assem- 
blages per unit time in the in situ and 2 pm pre- 
screened incubations, respectively. The measurement 
results are shown in Table 1 .  Although dilution of D-[U- 
6-i3C]glucose by natural labile DOCs might influence 
13C uptake by bactenoplankton, for any 1 seawater 
sample, there would exist some correlation between 
Abiomass2,,,,, and Glu-uptake2,,,,,. Thus, if the loss rate 
of fixed I3C derived from glucose is assumed to be sim- 
ilar to that of fixed carbon from natural DOC, the cor- 
relation would be the Same as that between BP„ and 
Glu-uptake„ „„ for the Same seawater sample. 

RESULTS 

Variable Average Rdnge of 
variation 

Seawater temperature ("C) 28.1 (26.8-29 0) 
Salinity ("&I 32.8 (32 6-33 4) 

PH 8.2 (8.0-8.3) 
Dissolved oxygen (ml 1-') 7.9 (7.0-8.7) 

(Watanabe et al. 1995). Variables other than nutrients 
are shown in Table 2 as the average for the 0 to 5 m 
layer. 

Nutrients and autotrophs. The concentratiops of 
nitrate, phosphate and silicate (initial values = 22.1, 1.1 
and 7.6 pM) decreased continually during the early 
period (Days 0 to 6) (Fig. l a ) .  In response to the nutri- 
ent decrease, the abundance of dinoflagellates, pen- 
nate diatoms and centric diatoms (the dominant spe- 
cies being Gymnodinium mikimotoi, Cylindrotheca 
clostenum and Skeletonema costaturn, respectively) 
increased significantly, leading to a blooming phase 
around Day 6 (Fig. l b ) .  In contrast, APP abundance 
decreased continually from Day 0 (1.0 X 10' ml-I) to 
Day 6 (8.8 X 103 ml-I) (Fig. l c ) .  Also, although ANF 
increased rapidly from Day 1 (1.7 X 103 ml-') to Day 2 
(1.2 X 104 ml-') (Fig. l c ) ,  they did not continue to 
increase, but decreased in a similar manner to that of 
the APP. Chl a (Fig. l d )  increased concomitantly with 
the total abundance of large phytoplankton, and the 
maximum value was observed on Day 6 (chl a = 

10.3 pg 1 - I ) ,  implying that the bulk of photosynthesis 
was being carried out mainly by the large autotrophs 
in our mesocosm. Changes in net photosynthetic pro- 
duction (PP„) (Fig. l d )  mostly corresponded closely 
with changes in chl a concentration. The PP„ was ele- 
vated from Day 1 (62.4 pg C 1-' 4 h-') to Day 5 (302.8 pg 
C 1-' 4 h-I). During the later period (Days 6 to 13), the 
dinoflagellates and pennate diatoms decreased 
rapidly, but the centric diatoms (mainly S. costaturn) 
continued to increase until Day 9, although nutrient 
concentrations stayed relatively low (e.g.  nitrate = 

0.1 pM, phosphate = 0.08 pM and silicate = 0.6 pM on 
Day 7).  

Environmental variables 
Bacterioplankton 

The physical and chemical variables (seawater tem- 
perature, pH, dissolved oxygen, and nutnent concen- Bacterioplankton density increased steadily from 
trations) were almost homogeneous at depths of 0 to Day 1 (2.1 X 10' ml-') to Day 4 (4.8 X 106 ml-') (Fig. 2a). 
5 m due to the circulation System installed in the meso- After a moderate decline on Days 5 and 6, the density 
cosm, which produced a well-mixed surface layer reached a maximum (5.5 X 10' ml-') on Day 7 and sub- 
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Fig. 1. Changes in: (a) Nutrient concentrations averaged over 
0 to 5 m depth. (b) Phytoplankton numbers (0 to 5 rn depth) 
determined by light microscopy; 'others' includes EutreptieUa 
sp.. Rhodornonas sp., etc. (C) Phytoplankton numbers (0.5 m 
depth) determined by epifluorescence microscopy; APP. 
autotrophic picoplankton (0.2 to 2 pm), and ANF, autotrophic 
and mixotrophic nanoflageilates (2 to 8 pm), respectively. 
(d) Chi a concentration and photosynthetic cornrnunity 

production in the daytirne 

sequently decreased gradually, resulting in a mini- 
mum (1.8 X 106 ml-') on Day 13. The temporal change 
in BP„ was not associated with the density of bacterio- 
plankton (Fig. 2a). BP increased from Days 4 (16.0 pg C 
1-' 4 h-') to 8 (26.8 pg C 1-' 4 h-I), and then decreased 
slightly (20.0 pg C 1-' 4 h-' ) on Day 10. 

Heterotrophie protists 

Nano-sized non-fluorescing heterotrophic protists (2  
to 20 pm) were relatively abundant during the early 
penod (Days 0 to 6) (Fig. 2b,c). The density of HNF in 
the size range 2 to 8 pm reached a maximum (3.5 X 103 
ml-I) on Day 3 (Fig. 2b). The density of 8 to 20 pm 
nano-sized heterotrophic protists (Fig. 2c), comprising 

flagellates and small ciliates, showed similar changes 
to those of HNF and also reached a maximum on Day 3 
(1.5 X 10' ml-I). 

Microzooplankton 

The micro-sized zooplankton community (20 to 
100 pm) was comprised mainly of copepod nauplii, 
small appendiculanans and tintinnid ciliates (Fig. 2d). 
A conspicuous temporal change in abundance was 
observed on Days 6 to 9, due mostly to the tintinnid cil- 
iates (Fig. 2d). They appeared suddenly and reached 
1.4 X 10' ml-' on Day 9. 

Metazooplankton 

The major metazoopl.ankton (>I00 pm) groups 
obsewed in the mesocosm were copepods Paracalanus 
parvus, Oncaea media, Microsetella norvegica and 
appendicularians Oikopleura sp. (Fig. 3a). Copepods 
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Fig. 2.  Changes in: (a) Bacterioplankton numbers and bacter- 
ial community production (bars represent standard errors of 
the means) in the daytime. (b) Nano-sized heterotrophic pro- 
tist numbers (2 to 8 P), comprising mainly heterotrophic 
nanoflagellates (HNF). (C) Nano-sized protist numbers (8 to 
20 pm], comprising heterotrophic flagellates and smaIl cili- 
ates. (d) Micro-sized protist and metazooplankton numbers 
(20 to 100 pm), cornprising mainly large ciliates (tintinnids) 
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I U PLT in the photosynthetic pathway 
t PLT in the bactenal pathway 

1 3 5 7 9 1 1 1 3  

Oays 

Fig. 3.  Changes in: (a) Dominant metazooplankton (copepods 
and appendicularians) nurnbers in the >I00 pm fractions. (b) 
Percentage of label transfer (PLT) to metazooplankton in the 

bacterial and photosynthetic pathways 

were observed throughout the whole period. Their 
density decreased gradually from Days 0 (11.4 1-') to 7 
(5.0 1-') and then remained at 5 to 7 1-' until the end of 
the period. Appendicularians increased suddenly from 
Days 3 to 5 and reached 8.0 1-T on Day 7. After Day 7 ,  
although the abundance of appendiculanans de- 
creased to half the maximum, anin~als with larger body 
size (1 to 2 mm) were observed. 

Comparison between BP„ and PP„ 

The ratio of net community production in both path- 
ways (BP4h:PP4h) changed within the range 6 to 21 % 
(mean, 12%) (Fig. 4a),  which was estimated together 
with interpolated values between the data points. Dur- 
ing the phytoplankton bloom, the ratio was depressed 
from ca 15% on Day 2 to 6 %  on Day 5. However, after 
the bloom declined and BPdh increased, such that 
the ratio increased, reaching about 21 % on Day 9. 

Relative contribution of two pathways to metazoo- 
plankton production 

The proportions of label transfer (PLTs) from produc- 
ers to metazooplankton in the 2 pathways were of a 
similar magnitude: 0.17 to 1.1 1:) in the bacterial and 
0.19 to 1.0% in the photosynthetic pathway (Fig. 3b).  
Thus, the temporal changes in CR (contnbution ratio, 
Fig. 4b) were apparently related to changes in the ratio 

of BP4h:PP4h rather than to the PLTs; the CRS ranged 
from ca 6 to 41 % (mean 22 %) and the BP,h:PP,h ratios 
ranged from ca 6 to 21 % (mean 13 %). 

During the early penod (Days 1 to 6),  the temporal 
changes in PLT in the 2 pathways showed similar 
trends (Fig. 3b).  The smallest values for PLT in both 
pathways occurred during the first few days when only 
copepods were dominant. Subsequently, the PLT val- 
ues increased concurrently, from 0.17% on Day 2 to 
1.1% on Day 6 in the bacterial pathway, and from 
0.19 % on Day 1 to 1.0 % on Day 5 in the photosynthetic 
pathway. The temporal changes in both PLTs appeared 
to correspond to the proliferation of appendiculanans. 
The amounts of carbon transferred to metazooplank- 
ton from DIC,,„„„,. and DOCMetazooi increased gradu- 
ally and reached maxima on Days 5 and 6, respectively 
(Fig. 4b). However, the CRS showed a slight decrease 
from ca 10 % in the copepod-dominant phase to ca 6 % 
during the rapid increase in appendicularians, because 
PP increased more rapidly than BP, which depended 
on the phytoplankton bloom. 

During the later period (Days 7 to 11) when the 
phytoplankton bloom decayed, BPdh:PP„ increased, 
reaching 21 % on Day 9 (Fig. 4a). The values for PLT in 
the bacterial pathway, after decreasing over Days 6 to 8 

1 3 5 7 9 1 1 1 3  

Days 

Fig. 4 ,  (a) Comparison of net community production between 
the bacterial (BP„) and photosynthetic (PP„) carbon path- 
ways, showing the BPAh:PP„ ratios. (b)  Transfers from dis- 
solved organic (DOC) and inorganic carbon (DIC) to metazoo- 
plankton during the 4 h in sj tu incubation (DOC„„„, and 
DICMeldloo) and the relative contribution ratio (CR) of bacterial 
and photosynthetic production to metazooplankton; temporal 
changes in BP„.PP„ and CR were estimated together with 

interpolated values for each adjacent datum 
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(Fig. 3b), increased again, to 0.9% on Day 10. How- 
ever, PLT values in the photosynthetic pathway re- 
mained relatively low (0.37 to 0.44%) after their de- 
cline on Days 5 to 7 (Fig. 3b). Consequently, the values 
for CR became higher (ca 30 to 40%) and exceeded 
those for BP„:PPdh (i.e. 15 to 21 %) over Days 7 to 11 
(Fig. 4) .  

and appendicularians became sequentially dominant 
within the mesocosm. In the following discussion, we 
focus on the relationship between the PLT values and 
the trophic pathway from bactenoplankton or auto- 
t r o p h ~  to dominant rnetazooplankton. 

Trophic pathway from pico- or nanoplankton to 
appendicularians 

DISCUSSION 

Relative bacterial contribution to rnetazooplankton 
production 

The major finding in this study is that the relative 
carbon transfer in the mesocosm ecosystem from the 
dissolved state to metazooplankton via the bactenal 
pathway amounted to 22% on average (= CR) of that 
via the photosynthetic pathway. The CRS ranged from 
6 to 41 %, depending on changes in both BPdh:PP4h 
(range from 6 to 21 16) and PLT; the latter appeared to 
be affected strongly by the plankton community struc- 
ture. When the appendicularians were dominant and 
the phytoplankton bloom had decayed (i.e. after Day 
7), large values for CR of ca 30 to 40% were found, 
implying a significant contribution of bacterial produc- 
tion to the metazooplankton assemblages. Relatively 
low values for CR were found in the copepod-domi- 
nant phase (e.g. CR = ca 10% on Day 2). Considenng 
that the ratio of net community production (BP4h:PPdh) 
was ca 15% at that time, however, the transfer of car- 
bon from bactenal production to rnetazooplankton was 
apparently not always inefficient in comparison with 
the photosynthetic pathway. These results suggest that 
a trophic pathway based on bactenal production was 
one of the integral components of the carbon pool for 
metazooplankton, as opposed to the view that bacterial 
production is more difficult to transfer to higher trophic 
organisms than is photosynthetic production. 

Net community production and PLT, which are vari- 
ables of the CR calculation, were strongly influenced 
by vanous biological and ecological factors such as 
nutrient concentration and trophic relationships. The 
fluctuations in BP4h and PP4h , or the ratio (BPdh:PP4,,), 
suggest that the addition of macronutnents stimulated 
photosynthetic production first, and that the organic 
matter produced then enhanced bacterial productivity 
after a time lag (Fig. 4a) through various processes of 
DOC supply (e.g. extracellular release of phytoplank- 
ton; see review by Williams 1990). The temporal 
changes in PLT, the other variable involved in CRS, 
were probably controlled by the plankton community 
structure, in particular the dominant species of meta- 
zooplankton, their feeding strategies, and the abun- 
dance of their prey. In the present study, copepods 

Rapid proliferation of appendicularians is a charac- 
teristic event in the mesocosm ecosystem, and has 
often been observed therein in the Seto Inland Sea, 
especially in summer (e.g. Uye & Ichino 1995, Naka- 
mura et  al. 1997). Appendiculanans have the ability to: 
(1) filter much larger volumes of water than crus- 
taceans do; (2) increase rapidly in response to food 
increase; and (3) ingest pico- and nano-sized particles 
and reject larger particles such as large diatoms and 
dinoflagellates (e.g. Alldredge & Madin 1982, King 
1982). Azam et al. (1984) studied the incorporation of 
tritium labeled leucine in a 10 1 microcosm system into 
bactena and various zooplankton (appendiculannas 
and the other 5 categones). They found that larger 
amounts of the labe1 accumulated in the appendicular- 
ians than those in other zooplankton and suggested 
that the grazing ability of appendicularians may create 
a bypass they termed the bacteria to appendicularian 
shunt. A recent study in a coastal sea reported that 
their rapid increase led to a marked decrease in the 
abundance of picoplankton, and that the picoplankton 
served as a major carbon source for appendicularians 
(Nakamura et al. 1997). 

In the present study, the sudden increase of appen- 
diculanans on Days 3 to 5 (Fig. 3a) coincided with a 
rapid decrease in abundance of nano-sized hetero- 
trophic protists, especially HNF (2 to 8 pm) (Fig. 2b,c), 
while ANF were also tending to decrease (Fig. lc) ,  
suggesting grazing impact by the appendicularians. Of 
Course, the HNF and ANF may have been also 
ingested by the 8 to 20 pm heterotrophic protists at the 
same time. The abundance of bactenoplankton and 
APP was also somewhat reduced on Days 4 to 6 
(Fig. 2a) and APP were declining continuously until 
Day 6 (Fig. lc),  even though the abundance of 
nano-sized heterotrophs had became relatively low 
(Fig. 2b,c). Further, among the 3 dominant species of 
phytoplankton, the non-chain-forming Cylindrotheca 
clostenum with ESD ca 5 pm declined markedly from 
220 cells ml-' on Day 5 to 4 cells ml-' on Day 7, but the 
other 2 dominant species (the chain-forming centric 
diatom Skeletonema costatum and the autotrophic 
dinoflagellate Gymnodinium mikimotoi [ESD = ca 11 
to 27 pm]) did not decrease markedly during this 
penod (Fig. l a ) .  These results show that only small 
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phytoplankton species decreased in abundance during 
the dominant phase of the appendicularians. In view 
also of the fact that small autotrophs can use nutrients 
more efficiently than can larger autotrophs, the de- 
creases in only APP, ANF and small pennate diatoms 
would indicate a selective grazing impact on small 
autotrophs. Therefore, the changes in the abundance 
of small autotrophs on Days 3 to 7 are probably due to 
the appendicularians' removal of pico- and nano 
plankton simultaneously. 

The presence of appendiculanans with such grazing 
activity created a direct trophic pathway from pico- 
plankton to rnetazooplankton in the mesocosm. Their 
presence, furthermore, might diminish respiratory car- 
bon loss from heterotrophic intermediates between 
picoplankton and rnetazooplankton by removing the 
intermediates themselves, and subsequently increase 
the chances of direct grazing of picoplankton by the 
appendicularians. 

In the bacterial pathway, this feeding strategy rnay 
have increased the efficiency of bacterial carbon trans- 
fer to metazooplankton. This conclusion is supported 
by the increase in PLTs (0.7 to 1.1 %) after Day 4 ,  when 
the appendicularians appeared (Fig. 3b),  implying that 
bacterial production was transferred efficiently to the 
>I00 Pm particles. 

In the photosynthetic pathway, however, a high PLT 
occurred only on Day 5 (Fig. 3b), when the small pen- 
nate diatom Cylindrotheca closterium was highly 
abundant. On Day 3 and after Day 7,  relatively lower 
PLTs were found (Fig. 3b). On Day 3, this might be 
because although the ANF and APP would have been 
ingested by the appendicularians as well as the bacte- 
ria and HNF, their photosynthetic production would be 
less than that of the other, larger dominant phyto- 
plankton, owing to the smaller cell volumes of ANF 
and APP. The relatively low photosynthetic production 
by ANF and APP also would be reflected in the total 
chl a concentration and PP (Fig. ld) ,  which were 
increasing around Day 3, in spite of the concurrent 
decrease in ANF and APP. Consequently, the PLT in 
the photosynthetic pathway would not show a conspic- 
uous increase on Day 3. As to the PLT results after 
Day 7, the occurrence of 20 to 100 pm tintinnid ciliates 
(Fig. 2d) rnay have had a strong influence on the fate of 
photosynthetic production. The occurrence of the cili- 
ates followed the phytoplankton bloom (Figs. l b  & 2d) 
that rnay have supported them (e.g. Capnulo & Car- 
penter 1980). Tintinnid ciliates were responsible for 
the decay of a red tide of the autotrophic dinoflagellate 
Gymnodinium mikimotoi in a coastal sea area, and 
then became abundant (Nakamura et al. 1995,1996). If 
large ciliates feed mainly on nanoplankton and oppor- 
tunistically on picoplankton (e.g. Sherr et al. 1989), 
they rnay exploit small phytoplankton species on 

which the appendicularians rnay also feed. Thus, the 
appendicularians and ciliates rnay compete with each 
other as herbivores, which might also have been a fac- 
tor in the decrease of PLT in the photosynthetic path- 
way on Days 7 to 9. 

These changes in PLT in both pathways, which can 
be explained by means of trophic relationships, were 
major factors leading to the relative high contribution 
of bacterial production to the rnetazooplankton com- 
munity (CR), increasing from 6% around Day 5 to 
30-40'.'4 around Day 9. 

With respect to population dynamics in the meso- 
cosm, the occurrence of appendicularians rnay disturb 
the trophic interactions between pico- and nano-sized 
organisms in the microbial food web, such as  that 
between bacteria and HNF. The appendicularians rnay 
have a role in breaking the microbial food pathways, 
as  Deibel & Lee (1992) suggested. In the present study, 
the organisms in the bacterial pathway appeared to be 
influenced greatly by them. However, considering that 
the lowest CR (ca 6%)  occurred just after the rapid 
increase in appendicularians, their occurrence was 
apparently triggered primanly by autotrophs. Large 
values for CR (ca 30 to 40 %) were observed only after 
the small phytoplankton had been exhausted. There- 
fore, we suggest that bacterial products are food 
resources for appendiculanans, together with photo- 
synthetic products, and that the importance of bacter- 
ial products rnay increase when the availability of 
autotrophs declines. 

Similarity of complex photosynthetic and bacterial 
pathways to copepods 

During the phase when copepods dominated the 
metazooplankton assemblage (Days 0 to 3),  the contri- 
bution of bacterial production was relatively small (e.g. 
CR = ca 10% on Day 2) compared with that during the 
appendicularian-dominant phase. However, the values 
for PLT in the bactenal and photosynthetic pathways 
were quite similar to each other; 0.19% (Day 1) in the 
photosynthetic and 0.17% (Day 2) in the bacterial 
pathway (Fig. 3), and the CR values (e.g. ca 10% on 
Day 2) were similar to those of the ratio of net commu- 
nity production (BP:PP = ca 15 %). The similarity in PLT 
values in the 2 pathways suggests that the potential 
carbon transfer from bacterial production to copepods 
was sometimes equal to that from photosynthetic pro- 
duction in the mesocosm. 

Copepods are incapable of ingesting pico-sized par- 
ticles directly (e.g. Nival & Nival 1976). Thus, they 
would be able to exploit autotrophic picoplankton and 
bacterioplankton only via intermediaries such as het- 
erotrophic protists (e.g. Sherr et al. 1986). In the pre- 
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sent study, the steady decrease of APP, in contrast to 
the increases in larger autotrophs, until the prolifera- 
tion of the appendicularians (Fig. lb ,c)  would imply 
strong grazing impact on the APP by heterotrophic 
protists such as HNF (e.g. Weisse 1991), which were 
gradually becoming abundant before Day 3 (Fig. 2b,c). 
Hence, there might exist carbon pathways to the cope- 
pods both from the APP and from bacterioplankton via 
the microbial loop dunng this penod. 

Pico-sized organisms would be an exclusive source 
of organic carbon in the bactenal pathway, while 
nano- and micro-sized autotrophs would be sources of 
photosynthetic production to copepods directly via the 
photosynthetic pathway. Considering that the rapid 
decrease of APP abundance (Fig. lc) was not always 
reflected in chl a concentration (Fig. ld ) ,  much of the 
photosynthetic production on Days 0 to 3 might have 
been from larger phytoplankton, such as Gymno- 
dinium mikimotoi (Fig. lb ) .  If the copepods had 
ingested the G. mikimotoi directly and as a main 
source of photosynthetic production, the PLT in the 
photosynthetic pathway on Day 2 would have risen 
more in comparison with the PLT in the bactenal path- 
way on Day 1 (Fig. 3b), because such a direct trophic 
pathway is more efficient than the other routes, which 
have more than 2 trophic steps, like that from bacten- 
oplankton to copepods. The similanty in magnitude of 
PLTs in the 2 pathways around Day 2 (Fig. 3b) may be 
explained by the fact, demonstrated by Uye & Taka- 

Days 

Fig. 5. Changes in percentages of I3C retained in the <I00 pm 
fractions (prey fractions for metazooplankton) after 4 h in situ 

incubation in the bacterial carbon pathway 

matsu (1990), that G. nagasakiense (= G. mikimotoi] is 
almost entirely rejected by the copepod Acartia omoni 
due to deterrent chemical compounds produced by the 
phytoplankton. Some other dinoflagellate species also 
produce chemical substances that induce avoidance 
behavior in copepods (See review by Kleppel 1993). 
Thus, we presume that the direct ingestion impact on 
G. mikimotoi by the dominant copepods in the meso- 
cosm was not high, resulting in the low PLT in the pho- 
tosynthetic pathway. As a consequence, the signifi- 
cance of the APP, ANF and other mixotrophic protists 
as pnmary producers for the copepods' diet was rela- 
tively greater. Further, the abundant nano-sized 
heterotrophic protists (Fig. 2c) might ingest such 
autotrophs, and mediate the carbon transfer to cope- 
pods, as many studies have suggested (See review by 
Sherr & Sherr 1994). From the above, we suggest that 
the photosynthetic pathway to copepods often includes 
more than 2 trophic steps (e.g. [APP-i] ANF -t [het- 
erotrophic protists] + copepods) in the mesocosm, 
which are similar to the bacterial pathway (bacteria + 
HNF + [heterotrophic protists] + copepods). 

Carbon transfer and retention on bacterivores 

The transfer of bactenal production to nano-sized 
bacterivores was likely to be reflected in the I3C distn- 
bution in the <I00 pm fractions in the bacterial path- 
way experiment (Fig. 5). The percentages of 13C 
retained in the GF/F-20 pm fraction was highest on 
Day 2 and dropped towards Day 6. Conversely, per- 
centages of I3C retained in the 0.2 pm-GF/F fraction 
increased from Days 2 to 6 .  These changes appear to 
have been caused by changes in abundance of the 
nano-sized heterotrophic protists, and imply that a 
higher proportion of bactenal production had been 
transferred to larger particles through bactivorous 
activity of nano-sized protists around Day 2 than 
around Day 6. Of Course, this observation cannot be 
considered as direct evidence for the transfer of bacte- 
rial production to protists, because the GF/F filter (pore 
size ca 0.7 pm) would retain a high proportion of the 
bactenoplankton (e.g. more than 50% of total bactenal 
abundance; Nagata 1988) in addition to most of the 
protists. But we also observed similar temporal 
changes in I3C distribution between the 0.2 pm-to- 
GF/C and GF/C-to-20 pm fractions in a 1991 meso- 
cosm experiment (Koshikawa et al. 1996). Bnefly, we 
suggest that bactenal production during the 4 h incu- 
bations was ingested by and transferred rapidly to the 
nano-sized bacterivores and a high proportion was 
retained in their bodies. 

Considering the availability of bactenal carbon to 
the copepods, this result seems to contain 2 opposing 



Koshikawa et al.. Contribution of bacterial production to metazooplankton 4 1 

aspects. On the one hand, there was evidently the pos- 
sibility of the copepods to receiving bactenal produc- 
tion via the nano-sized heterotrophs during the 4 h 
incubations. On the other hand, the copepods would 
have been able to use only a part of the bacterial pro- 
duction, because some of it was retained in the nano- 
sized protists and probably some was lost through their 
respiration. 

I3C distribution cannot be used to analyze the photo- 
synthetic pathway because the autotrophic producers 
and consumers are mostly in the Same size fraction 
(GF/F to 20 pm). But considering the trophic relation- 
ships in the photosynthetic pathway mentioned in the 
previous paragraph, we presume that the potential of 
carbon transfer from autotrophic producers to cope- 
pods was similar to that via the bactenal pathway, 
resulting in similar and low values of PLT in the 2 path- 
ways and in similar ratios of CR to BP:PP during the 
copepod-dominant penod in the mesocosm. 

Similar low PLTs in the two pathways 

Throughout our mesocosm experiment, the PLTs in 
the 2 pathways were of similar magnitude (0.17 to 
1.1 % in the bactenal and 0.19 to 1.0% in the photo- 
synthetic pathway (Fig. 3b). This result was similar to 
our previous mesocosm study, in which copepods or 
doliolids were the abundant rnetazooplankton: PLTs of 
0.09 to 2.7 % in the photosynthetic and 0.22 to 1.5 % in 
the bactenal pathway (Koshikawa et al. 1996). With 
regard to PLT in the bactenal pathway, Parsons et al. 
(1980) performed similar bottle incubations for 6 h, 
ennched with 14C glucose, in an  enclosure in Saanich 
Inlet, Canada. They reported slightly higher values for 
percentage 14C transfer to >I00 pm fractions (PLTs = 
ca 3 to 4 %, calculated from the published data) in the 
eutrophic site, where jellyfish and copepods were pre- 
sent in the metazoa. We expect that low and similar 
values of PLTs in the 2 pathways might be common in 
eutrophic environments. 

CONCLUSION 

The fate of bactenal and photosynthetic production 
as sinks or links cannot be discussed only from the low 
absolute values of PLTs. However, our results indicate 
that bactenal production was definitely transferred to 
metazooplankton to a similar extent to that of photo- 
synthetic production, and played a significant role as 
one of the food sources for metazooplankton. Conse- 
quently, metazooplankton is likely to make use of both 
production sources, depending mostly on their com- 
munity production ratios in the coastal environment. 
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