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ABSTRACT: We measured size-dependent NH,' regeneration by 15N isotope dilution on a seasonal 
basis in the plume of the Chesapeake Bay estuary (USA) using several different approaches. In our 
short-term (1 h) size-fractionation experiments, the mean rate of NH,' regeneration by total or by c 202 
pm plankton increased from winter to summer a s  a linear function of temperature. On the other hand, 
the mean NH,' regeneration rate by c 10 pm plankton was lowest in February, increased nearly 10-fold 
from February to April, then remalned virtually unchanged through the end of summer. In all seasons 
during which experiments were conducted, we observed on occasion that the rate of NH,' regeneration 
measured in the c l0 pm fraction exceeded the rate measured in the <202 pm fraction by 8 to 1000 %. 
In other experiments in which size-fractionated plankton were maintained in large carboys for 2 24 h, 
we also found that NH,' regeneration in the c10 pm fraction exceeded that in the <64 or c202 pm 
fractions. In the third type of experiment conducted, we artificially manipulated the density of 
copepods in unfiltered seawater and measured NH,' regeneration. In 5 out of 6 such experiments, we 
found that a s  the numbers of copepods were increased to ca 20 I-', the measured rate of NH,' 
regeneration increased to a maximum level, then decreased when additional copepods were added. 
From all of these experiments, we hypothesize that total NH,' regeneration in a natural food web can 
be significantly different from that measured in component size fractions, and that this effect is a 
nonlinear function of zooplankton density and/or multiple trophic interactions. These effects may, in 
addition, be  a function of internal cycling of isotopically labelled substrate. This hypothesis implies that 
commonly used size-fractionation techniques may be insufficient or inappropriate for describing the 
true regeneration rates of different size classes in situ. 

INTRODUCTION 

One of our objectives in the MECCAS (Microbial 
Exchanges and Couplings in Coastal Atlantic Systems) 
Program was to determine the contribution of various 
heterotrophs, including large zooplankton (i.e. cope- 
pods), to NH,' regeneration in the plume of the Chesa- 
peake Bay, USA. The overall objective of the MECCAS 
program was to evaluate the relative roles and inter- 
actions of phytoplankton, zooplankton and bacteria in 
the utilization and recycling of carbon and nitrogen as 
the plume water exits the Chesapeake Bay and mixes 
with coastal water. In previous papers (Boicourt et al. 
1987, Glibert et al. 1991), we have demonstrated that 
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in the transition from the Bay to the coastal ocean, 
phytoplankton become progressively nutrient limited, 
a significant dependence on regenerated nitrogen 
develops, and increased heterotrophic regeneration 
of NH4+ occurs. 

We chose to approach the question of size- 
dependent NH,' regeneration using several different 
techniques, each of which employed the stable isotope 
of nitrogen, I5N. Our techniques included standard 
size-fractionation protocols, as well as experimental 
manipulations of plankton densities. Our results 
demonstrated striking seasonal differences in the 
patterns of NH,' regeneration in different size classes. 
However, the variability we observed within experi- 
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mental treatments leads us to suggest that the poten- 
tial for NH,' regeneration by microzooplankton 1s 
different when these small heterotrophs are in the 
presence of their grazers than when the grazers are 
excluded. As a consequence, grazing by large hetero- 
trophs on their smaller counterparts may be an 
important mechanism regulating the flow of regen- 
erated nitrogen. 

METHODS 

Sampling. Four cruises to the Chesapeake Bay 
plume were made: February 17 to 28, 1985 (RV 
'Oceanus'), June 8 to 27, 1985 (RV 'Gyre'), August 19 to 
September 7, 1985 (RV 'Gyre'), and April 6 to 29, 1986 
(RV 'Gyre'). The overall sampling strategy and experi- 
mental procedures have been described by Glibert et 
al. (1991). Sampling involved alternation between 
hydrographic, nutrient, and biomass mapping, and 
measurements of plankton composition and metabolic 
processes while following a near-surface (1 to 2 m) 
drogue for several days. The data we report here were 
collected on several drogue studies per cruise. Addi- 
tional experiments were occasionally performed using 
near-surface water in which we manipulated the 
composition of the plankton. These were conducted as 
time permitted, and thus were not done on each cruise. 
Experiments were not replicated between years; thus, 
we are assuming that each cruise is representative of 
its season. 

Experiments. Three general types of experiments 
were performed. First, on virtually every sample 
collected, the rates of NH,+ uptake and regeneration 
were determined in size-fractionated samples. Rates 
were determined for the unfractionated (February), 
c202 pm (other seasons), and c10 pm (all seasons) 
plankton assemblages (Nitex screening). 

Secondly, on occasion, rates of NH,+ uptake and 
regeneration were determined for unfiltered plankton 
assemblages which were altered by the addition of 
known numbers of copepods (20 to 80 I-'). Copepods 
were collected from the surface mlxed layer using a 
64 pm net. Individual copepods were isolated micro- 
scopically with a Pasteur pipette, transferred to filtered 
seawater, then added to the experimental bottles. 
Thirdly, 2 experiments were conducted during the 
April cruise in which plankton assemblages of 3 size 
classes (unfractionated, c64 pm, and c l 0  pm) were 
contained in 20 l carboys and observed for 24 h. 

In all 3 types of experiments, tracer and isotope 
dilution I5N techniques were used to determine rates 
of NH,' uptake and regeneration. Incubation experi- 
ments were started within 45 min of sample collection, 
and all experiments were done in acid-cleaned poly- 

carbonate bottles. I 5 N ~ , +  additions were 0.03 to 
0.05 pg-at. N 1 - l .  Immediately after the addition of 
tracer, an aliquot was filtered and the concentration 
and atom% enrichment of substrate were determined. 
In the case of the 'copepod addition' experiments, this 
step was done immediately prior to addition of cope- 
pods to avoid the potential stress of filtration on the 
copepods. In the case of the 'large carboy' experi- 
ments, aliquots were withdrawn from the carboys at  
intervals ranging from 1 to several hours, and dis- 
pensed into polycarbonate bottles for incubation. 
Incubations were 1 h in duration. 

Filtration of sample through precombusted (1 h at 
550 "C) Whatman GF/F filters was used to terminate 
15N incubations. The filtration was stopped before all 
the sample had passed through, the filtrate was 
collected into a polyethylene bottle, then the filtration 
was allowed to proceed. Before the last of the sample 
was drained, a small amount of filtered seawater was 
added to the filter tower to rinse the filter. Filters were 
then placed in plastic or precombusted aluminum foil 
envelopes, and dried overnight at 50 "C. 

Zooplankton biomass and grazing. During the 
drogue studies, zooplankton were collected with a 
submersible pump and hose system that delivered 
water (400 1 min-l) to shipboard plankton nets (200 and 
64 pm) and sensors of flow rate and temperature. Zoo- 
plankton nitrogen blomass was determined from 
preserved samples (Control Equipment CHN Ana- 
lyzer) and corrected for preservation loss (Roman et al. 
1988). The rates of zooplankton (>ZOO pm) grazing 
on heterotrophs were estimated from the uptake of 
[3H-methyl]thymidine-labeled particles during 1 h in 
situ incubation experiments. Plexiglass 5 1 chambers 
(General Oceanics) with 64 pm mesh covering the 
bottom opening were lowered to 3 m and then raised 
to the surface to gently concentrate zooplankton. A 
messenger triggered the closing of the bottle and 
released the radioactive tracer. After incubation, zoo- 
plankton were collected on 200 pm sieves and rinsed 
onto preweighed Nuclepore filters. Filters were 
treated, and isotopic counting was done, as described 
by Roman et al. (1990). The grazing impact of the zoo- 
plankton community (l filtered m-3 h- ' )  was calculated 
as the product of the zooplankton biomass and their 
filtration rate [(mg zooplankton C)- '  h-']. This was 
converted to the amount of nitrogen ingested (pg-al. N 
filtered I-' h- ')  by multiplying the grazing rate times 
the particulate nitrogen (PN). 

Methods for sample collection for the enumeration of 
flagellate abundance (both during the drogue studies 
and carboy experiments) are described more fully in 
McManus & Fuhrman (1990). Samples of 20 m1 were 
preserved with 1 % (final concentration) filtered gluta- 
radehyde and stored at 4 "C for 12 to 24 h before slides 
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were prepared. Subsamples of 10 ml were stained with ranged from 2.4 to 5.7 "C in February, 10.0 to 12.9 'C 
1.65 pg ml-' of proflavin hemisulfate (Haas 1982), in April, 20.2 to 23.0 "C in June,  and 25.3 to 27.5 "C in 
filtered onto 0.8 pm pore size Nuclepore filters, and August. Ambient nitrogenous nutrients did not exceed 
mounted in Cargille's Type A immersion oil on glass a few tenths of a pg-at. N 1V' in the summer months, 
slides. The slides were frozen at  -20 "C until they could but ranged from the detection limit to several pg-at. 
be counted on an  Olympus BH2 epifluorescence N 1 - '  during winter and spring (Glibert et al. 1991). 
microscope equipped with a 50 W mercury lamp. 

Analytical. NH,' concentrations were determined 
on a Technicon AutoAnalyzer, with precision of Size-fractionated NH,' regeneration 
+ 0.05 yg-at. N 1- ' .  Analyses of PN were done using a 
Control Equipment CHN Analyzer. The I5N atom % The mean rate (pg-at. N 1-'  h- ' )  of NH,' regeneration 
enrichment of the filtrates from the NH,' experiments by total or by 1202 pm filtered plankton increased with 
was determined by distillation and mass spectrometry season (Fig. l A ) ,  and in fact, this seasonal change was 
as described by Glibert et al. (1982). Filters were described by a linear increase as a function of temper- 
prepared for mass spectrometery using a protocol ature (Glibert et al. 1991). In contrast, the mean rate 
described by Fiedler & Proksch (1975) and modified of NH,' regeneration by the < l 0  pm population was 
to suit our system. Mass spectrometry was as described lowest in February, increased nearly 10-fold from 
in Glibert et al. (1991). The rates of NH,' uptake February to April, and from April to August remained 
and regeneration were calculated according to Glibert virtually unchanged. 
et al. (1982). These values are virtually identical to The biomass (pg-at. N I - ' )  of zooplankton >64 pm 
those derived from the Laws (1985) model (Glibert & was higher in April and August than in February and 
Garside 1989). June ,  and the grazing rate of zooplankton >200 pm 

was ca 4 to 10 times higher in August than during the 
other seasons (Fig. lB,  C) .  In contrast, abundance of 

RESULTS bacterivorous flagellates varied with season, and on 
average actually decreased by a factor of about 2 

Seasonal environmental conditions from February to August for the drogue data (Fig. ID; 
McManus & Fuhrman 1990). Uncertainty about bio- 

The hydrographic conditions and prevailing envi- vo1ume:C and C:N conversion factors lead us to 
ronmental conditions for each of the 4 periods of study express the flagellate data as abundance rather 
have been described in Malone & Ducklow (1990) and than biomass (Borsheim & Bratbak 1987). However, 
Glibert et al. (1991). Temperatures of the plume water since mean flagellate diameter also decreased from 
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February to August, the observed decline would also (Stn 238, April 1986), the maximum rate of NH,+ 
be true for biomass. regeneration was observed for the sample having 

The rates of NH,' regeneration for the 2 size classes no additional copepods, and as copepods were added, 
of plankton determined for one representative drogue the NH4+ regeneration rate dropped to undetectable 
study from each season are given in Fig. 2. For all levels. 
available data from the drogue studies, there were 
frequent occasions (n = 1 in February, 5 in April, 7 in Large-carboy experiments 
June, and 7 in August) during which the measured rate 
of NH,+ regeneration in the 10 pm plankton fraction In both large (20 1) carboy experiments, plankton 
exceeded the rate measured in the c202 pm fraction. were contained and followed for 24 h. In the first 
This discrepancy ranged from ca 8 % to > 1000 % experiment, the NH4+ regeneration rate for the un- 
(Table 1). A similar comparison of the fraction of NH,' fractionated plankton exceeded that measured in the 
uptake contributed by the 10 pm samples revealed a other size fractions for the sampling points taken at 
total of 11 such observations throughout all seasons of 3 and 14 h, then declined (Fig. 4A). However, with the 
study, and in no case did these discrepancies exceed exception of time 0, the measured NH,' regeneration 
300 O/o (data not shown). There were no significant rate in the carboy containing the < l 0  pm fraction 
correlations between the periods during which consistently exceeded that measured in the carboy 
such discrepancies occurred in NH4+ uptake and in containing the 64 pm fraction, and thus by the end of 
regeneration. the experiment, regeneration was greatest in the car- 

boy containing the < 10 pm fraction. This is consistent 

Copepod-addition experiments with the findings of McManus & Fuhrman (1990) that 
in this particular experiment, significant growth of 

In 5 out of the 6 experiments conducted, we ob- heterotrophic flagellates occurred in the carboy con- 
served that as the numbers of copepods were artifi- taining the < 10 pm population, but only after a 14 h lag. 
cially increased in the experimental bottles to ca 20 1-l. During the second experiment, the NH,' regenera- 
the measured rate of NH,' regeneration increased to a tion in the carboy containing the unfractionated plank- 
maximum level, then decreased when additional cope- ton was virtually undetectable throughout the time 
pods were added (Fig. 3).  In the sixth experiment course, and that measured in the carboy containing the 

24-27 February 1985 
0.10 , I I I I l 

Duration of drogue (h) 

11-12 June 1985 

Duration of drogue (h) 

22-23 August 1985 
0.5 1-1 

Fig. 2. Rates of NH,' regenera- 
t ~ o n  (vg-at. N 1.' h-']  by 2 size 
classes of plankton for 1 repre- 
sentative drogue study from each 
month of study. 0 :  Rates deter- 
mined for the total (February) 
and 202 pm (other seasons) size 
fract~on, 0: rates determined for 

Duration of drogue ( h )  Duration of drogue ( h )  the < l0  pm size fraction 
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Table 1. Means and ranges of the percent contribution to 
NH,' regeneration by the < 10 pm plankton fraction relative 
to the total fraction (February) or the <202 pm fraction (other 

seasons) for the month of study indicated 

Month Mean %, Range 

February 21 0 - >lOOd 
April 86 0 -  119 
June 147 7 - 1038 
August 222 0 - 1369 

" For one sampling period the rate of NH,* regeneration 
in the < l 0  pm fraction was 0.08 pg-at. N 1-' h-', while 
NH,' regeneration in the comparable whole water 
sample was not detectable 

February, 1985 

- 

- 
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No of Copepods I-' 

April. 1986 
l . o , I I I I I I I I  

No. of Copepods I - '  

August. 1985 

No. of Copepods I-' 

Fig. 3. Rates of NH4+ regeneration determined on plankton 
assemblages to which additional copepods were added 

Carboy Experiment Sta. 127 
1 .o ! I I 

A 

Duration of Containment 

Carboy Experiment Sta. 244 
1 .o I I I 

B 
0.8 

Fig. 4 (A,  B) Rates of NH,' regeneration for plankton assem- 
blages as a function of duration of containment (h)  In 20 1 
carboys for experiments conducted at 2 stations. e: Carboy 
containing unfractionated plankton; v: carboy containing 

c64 pm plankton; B: carboy containing < 10 pm plankton 

< 10 pm fraction exceeded that measured in the carboy 
containing the <64 pm plankton for the first 14 h 
(Fig. 4B). The rates were extremely low for all fractions 
at the 24 h sampling interval. Growth of heterotrophic 
flagellates in all 3 carboys in this experiment was 
insignificant (McManus & Fuhrman 1990). 

DISCUSSION 

Throughout these experiments we observed that 
regeneration processes occurring in altered communi- 
ties, such as those that have been size-fractionated, did 
not always represent a fraction of the total regenera- 
tion rate as measured in the whole (or <202 pm) sea- 
water. Our findings are similar to those of Hopkinson 
et al. (1989) in which respiration rates by organisms 
passing through a 1 pm screen exceeded, up to 180 %, 
the rates of respiration in 208 pm and 10 pm filtered 
samples. We discuss the extent of, and the potential 
processes contributing to, these altered rates in detail 
below. We also discuss seasonal patterns in these 
data for the purpose of comparison with other size- 
fractionation studies, in spite of our recognition of the 
inherent difficulties. 
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Average seasonal patterns 

Seasonal differences in the average rates of NH4+ 
regeneration between the c 202 pm (or unfractionated) 
and the c 10 pm size classes are striking (Fig. 1A). The 
increase in NH,' regeneration by the larger size class, 
representing the whole population in February, and 
the <202 pm population in other seasons, paralleled 
the increase in temperature and also reflected the 
general increase in zooplankton biomass from winter 
to summer (Fig. 1B). 

There was very little seasonal change in the rate of 
NH,' regeneration by the c 10 pm fraction (Fig. 1A). 
There was approximately a 10-fold increase from 
February to April, when the water was 10 "C warmer, 
but with further warming there was no further increase 
in the rate of NH,' regeneration. This pattern is con- 
sistent with the flagellate abundance (Fig. ID). Flagel- 
lates did not increase over the seasonal period, and 
in fact decreased on average by a factor of 2 in the 
drogue studies. This relatively low flagellate biomass, 
and associated low variability, suggest that the flagel- 
lates were tightly controlled by grazers (McManus & 

Fuhrman 1990). The mean grazing rate on hetero- 
trophs by copepods ([3HJthymidine-labelled particles) 
was significantly higher in August than during any 
other season of study (Fig. 1C). 

While the averaged data provlde some insight into 
the overall changes occurring over a broad spectrum of 
differing temperatures, nutrients, and populations, the 
variability within each season was great, and the dif- 
ferences in responses between size fractions were un- 
expected. From each approach we took we observed 
that rates of NH,' regeneration by the smaller size 
fraction were occasionally greater than the compa- 
rable measurements in the larger size fractions, and 
that as the density of larger heterotrophs increased, 
the rate of NH,' regeneration by the c 10 pm fraction 
decreased. There are several possible explanations for 
these observations: experimental or analytical errors, 
real differences in rates of release when the plankton 
composition is artificially altered, and differences in 
the pathways of the flow of ' 5 ~  tracer with variable 
grazing. 

Potential methodological artifacts in size- 
fractionated regeneration measurements 

''N uptake and isotope dilution techniques are 
subject to a host of potential artifacts (Dugdale & 
Wilkerson 1986, Glibert & Capone in press), primarily 
due to the facts that manipulations of the sample must 
occur, and the results of several independent chemical 
analyses are used in the final rate calculation (e.g. 

ambient concentrations of substrate, particulate 
nitrogen concentration, I5N atom % of the particulate 
and dissolved fractions, etc.). We have carefully scruti- 
nized the reported results and can find no reason to 
suspect analytical errors that could systematically bias 
the rates measured in the smaller size fractions. 

To assess size-dependent differences in rates of NH,' 
regeneration using substrate isotope dilution protocols, 
pre-filtration is necessary. The dilution of isotope is 
determined using the filtrate of a sample, not the filter, 
and it would be impossible to isolate 'size-fractionated' 
pools of regenerated NH; by filtration after incu- 
bation. The inherent assumption in size-fractionation 
measurements of NH,' regeneration is that the 
metabolic processes measured after size-fractionation 
are the same as those occurring prior to fractionation. 

Effects due to sample handling, such as increased 
release due to organismal stress upon filtration and 
confinement, have been recognized in previous 
studies (Glibert et al. 1982), and may well have been 
exaggerated in the smaller fractions assayed in these 
studies. At least some ciliates are susceptible to 
filtration stress (Gifford 1985. Nagata & Kirchman 
1990), and even gentle gravity filtration can cause 
some dissolved free amine release (Kirchman et al. 
1989). Contamination of NH,' by the 10 pm netting 
itself is a possible artifact in these measurements; how- 
ever, we experimentally determined the concentration 
of NH4' before and after the 10 pm filtration, and only 
on rare occasions were differences observed. Netting 
was thoroughly cleaned between each use. Filtration 
of the sample through the 10 pm netting may also have 
resulted in some release of dissolved free amino acids. 
If  this occurred, it would have increased the available 
organic nitrogen substrate for bacterial uptake, which 
in turn may have increased NH,+ regeneration. Nitro- 
gen-sufficient bacteria are more likely to regenerate 
NH4+ than nitrogen-deficient bacteria (Goldman et al. 
1987, Roman et al. 1988, Hopkinson et al. 1989). 

Trophic alterations as a result of size-fractionation 

Most bulk NH,' regeneration measurements (in fact, 
most phytoplankton and microbial processes in gen- 
eral) are made with water prescreened through a 
200 (+ 20) pm mesh net, thereby excluding the larger 
zooplankton - adult copepods being the most abun- 
dant of those. The rationale is that in the measurement 
of phytoplankton processes, the impact of grazing by 
large zooplankton on these populations should be 
minimized. However, screening does not remove 
grazers that are similar in size to their prey, and 
multiple trophic interactions (Rassoulzadegan & 
Sheldon 1986) occur even in the small size classes. 
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Our results from both the carboy experiments con- 
ducted during April, and the size-fractionation experi- 
ments conducted at all 4 seasons in which NH,' 
regeneration in the < 10 pm fraction occasionally 
exceeded that measured in a larger size fraction, are 
strongly suggestive that removal of grazing pressure 
by prescreening can result in potentially very different 
rates of NH,' regeneration to those that are actually 
occurring when all components of the food web are  
present. In fact, the results from the short-term cope- 
pod-addition experiments (conducted in 3 seasons) 
and size-fractionation measurements (conducted in all 
4 seasons) strongly suggest that the response to trophic 
alterations can be very rapid (i.e. within the incubation 
time of 1 h) .  In both the above sets of experiments, 
altering the natural assemblage by size fractionation, 
or by adding animals in somewhat higher than natural 
density, resulted in drastically different NH,' regener- 
ation rates. In the copepod-addition experiments, addi- 
tions of relatively few copepods greatly enhanced 
NH4+ regeneration rates; additions of more copepods 
did not. In the size-fractionation experiments, the 
< 10 pm fraction occasionally regenerated more NH4' 
than did larger size fractions, implying that microzoo- 
plankton grazing on < 10 pm heterotrophs controlled 
NH4+ regeneration by that fraction on those occasions. 

If we assume, for example, a simple 3-consumer linear 
food 'chain', the interactions among consumers and 
their impacts on NH,' regeneration become readily ap- 

parent (Fig. 5). In this simple model, we assume that no 
food limitation is occurring at  any trophic level, and that 
changes in NH,' regeneration within a size class are  
only a function of the density of heterotrophs within that 
size fract~on. Thus, with relatively few copepods present 
(from prescreeniny, etc.) the rate of NH,' regeneration 
can be relatively high, with microzooplanktonic ciliates, 
and bacteria, primarily responsible. In this example, 
grazing by ciliates on flagellates would keep their con- 
tribution to total NH,+ regeneration in check. O n  the 
other hand, when many copepods are  present, the over- 
all rate of NH,+ regeneration may be reduced relative to 
the condition with few copepods, and this may be  pri- 
marily due to the reduction in the 10 to 200 pm micro- 
zooplankton population. Thus, if the microzooplankton 
population not being grazed were bacterivorous, the 
relative grazing pressure on bacteria would remain high 
(e.g. Bjerrnsen et  al. 1988, Ducklow & Taylor 1990, 
Stoecker & Capuzzo 1990), whereas if the food source 
preferred by the macrozooplankton were a bactivorous 
microzooplankter, or phytoplankter for that matter, the 
relative control on the bacterial population may be  quite 
different (Rassoulzadegan & Sheldon 1986, Sherr et al. 
1986). The degree to which a sin~plistic scheme such 
as we have depicted in Fig. 5 may be occurring is 
debatable. There is no doubt, however, that population 
dynamics such as  these must influence our measure- 
ments of NH,' regeneration when we artificially 
separate one from another. 
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Such trophic interactions may also help to explain 
the observations in oceanic waters that virtually all the 
measured NH,' regeneration is by organisms < 35 pm, 
and in some cases < S  pm (Harrison 1978, Glibert 1982, 
Glibert et al. 1988). It has been argued by Goldman 
(1984), for example, that the reported high percentage 
of NH4+ regeneration measured in small size fractions 
cannot be in balance with the assimilation of NH4+ on 
time scales much beyond those of the experiment, and 
that high nutrient conversion efficiencies of protozoa 
(Goldman et al. 1985) are inconsistent with high 
regeneration rates in small size fractions. 

In our experiments, measurements of regeneration 
and grazing were not conducted in the same ex- 
perimental bottles, but grazing estimates were made 
on comparable plankton assemblages. We did not ob- 
serve a consistent direct relationship between the 
measured grazing rate on heterotrophic particles by 
copepods and the frequency or magnitude of the 
discrepancy between size fractionation results (data 
not shown). Such a relationship would not necessarily 
be expected because of the short time interval of the 
incubations (1 h) and the fact that NH,' regeneration or 
excretion is not only a function of grazing, but also 
growth and nutritional state (e.g. Park et al. 1986, 
Roche-Mayzaud et al. 1991). 

Potential differences in the flow of ''N tracer with 
variable grazing 

Grazing is a necessary, but may not always be a 
sufficient, explanation for our observations in which 
NH4+ regeneration was frequently greater in the 
< 10 pm fraction compared to larger fractions and, in 
particular, for observations in which total rate of 
NH4+ regeneration declined as the abundance of 
copepods increased. In the copepod-addition experi- 
ments, the regeneration rates were too large to be 
attributable solely to the copepods, even after the 
rate of NH,' regeneration in the 'control' bottles was 
subtracted. For example, if the NH,' regeneration 
rates observed here in bottles containing 20 cope- 
pods 1-' were due totally to copepods, the rates 
would be ca 10-fold higher than expected from 
physiological data. An excretion rate of 0.5 ~ g - a t .  
N h-' (20 copepods)-' represents a release of 480 % 
body nitrogen copepod-' d-', compared to the more 
commonly accepted release of 30 to 50 % body nitro- 
gen copepod-' d-' (Roman 1983). Since the control 
bottles measured the rate of regeneration in un- 
filtered seawater, the effect of added copepods must 
incorporate the sum of all possible processes affect- 
ing the I5N tracer. 
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Fig. 6. Schemat~c representation of the effect of increasing numbers of copepods I-' on NH,+ regeneration rates (upper panel), 
and the proposed pathways by which both "N-labelled and unlabelled NH,' m ~ g h t  be released to the NH,' pool when relatively 

few copepods (10 to 20 I - ' )  and more abundant copepods (>40 I-') a re  present. Thicker arrows represent larger flux 
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Copepods can be 'sloppy feeders' (Dagg 1974, 
Lampert 1978, Eppley et al. 1981). Through sloppy 
feeding, internal pools of phytoplankton are  disrupted. 
This process results in the release of internal NH4', 
which may be in the form of either I4NH,+ or 15NH,+. 
We hypothesize that at relatively low copepod densi- 
ties and grazing rates, direct release of '"H4+ from. 
excretion would dominate and isotope dilution of the 
15NH,+ substrate would be observed. However, at  
higher copepod densities and grazing rates, the re- 
lease of internally labelled phytoplankton NH,' pools 
would potentially be higher. Thus more 15N could be 
recycled to the NH4+ pool, giving the appearance of a 
lower NH,' regeneration rate, as there would be less 
isotope dilution in the NH,+ substrate (Fig. 6). Even in 
an  experiment of short duration, the relative effects 
of these differing processes are difficult to quantify 
because reincorporation of released NH,' is occurring. 

CONCLUSIONS 

Seasonal differences existed in the mean rates of 
NH4+ regeneration by size fraction, which generally 
reflected seasonally changing temperatures and popu- 
lation differences. However, the variability within 
individual size-fractionation and plankton-community 
manipulated experiments leads us to believe that total 
nitrogen regeneration in a natural food web can be 
significantly different from that in the component 
size fractions, and this effect is a nonlinear function of 
macrozooplankton density. New protocols may have to 
be developed to estimate size-dependent microbial 
processes which minimize trophic disruptions. 
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