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ABSTRACT: Time-course measurements of "N tracer lunetics in particulate organic and in NH: pools 
from tropical and temperate regions were used to test several compartmental models describing the 
exchange of I5N tracer in microplankton communities. Several lines of evidence suggested the 
involvement of a third, dissolved pool, arbitrarily labelled dissolved organic nitrogen (DON). Although 
the kinetic patterns of tracer movement were different between the tropical statlons and the temperate 
one, the same 3-compartmental model in which PON and DON can exchange material only through the 
intermediate of NH: gave the best fit. Only the transfer coefficients were modified. Results show that 
compartmental analysis is useful for the estimation of compartmental transfer rates and for testing the 
assumptions implicit in any given model. 

INTRODUCTION 

Compartmental models have been applied exten- 
sively in the evaluation of tracer movements through 
biological systems, especially in the fields of physiology 
and mehcine (Jacquez 1972). A well-developed theory 
of compartmental analysis facilitates considerably the 
interpretation of observed tracer kinetics (Jacquez 
1972, Anderson 1983). 

Tracer techniques to measure carbon, phosphorus 
and nitrogen uptake by marine plankton are well 
established (e.g. Steeman-Nielsen 1952, h c e  1953, 
Dugdale & Goering 1967). Most experiments are gen- 
erally designed to measure only nutrient uptake or 
nutrient incorporation into particulate matter; little 
study has been devoted to other possible pathways of 
tracer exchange in microplankton. Tracer studies of 
phosphorus exchange in plankton (e.g. Rigler 1956) are 
exceptional, however, and have followed the conven- 
tional compartmental analysis approach (Sheppard 
1962). Past studies have identified various pathways of 
phosphorus exchange in the marine and freshwater 
plankton communities ( h c e  1953, hgler  1956, Lean 
1973, Taft et al. 1975, Currie & Kalff 1984a, b, Smith et 
al. 1985). Recently, more detailed models of carbon 
exchange have also been investigated ((Wiebe & Smith 
1977, Dring & Jewson 1982, Smith 1982, Smith & Platt 
1984). Although one expects that models describing 
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carbon and phosphorus cycling would differ because of 
differences in elemental metabolism, there is growing 
evidence that cycling through a dissolved organic pool 
may be a common and important pathway for both 
elements (Lean 1973, Wiebe & Smith 1977, Smith et al. 
1985). 

Models of "N tracer exchange, on the other hand, 
have not been studied systematically, partly because 
the time-course data necessary to evaluate various 
models are difficult to collect. Dugdale & Goering 
(1967) suggested a simple model describing the incor- 
poration of 15N into particulate matter. In recent years, 
however, it has become evident that various assump- 
tions in this early model are not valid. For example, it is 
now fairly well documented that isotope-dilution of 
NH:, assumed by Dugdale & Goering to be insignific- 
ant, is common in in vitro tracer experiments (Harrison 
1978, Caperon et al. 1979, Glibert et al. 1982, Paasche 
& Kristiansen 1982, LaRoche 1983). Blackburn (1979) 
and Caperon et  al. (1979) proposed a model (referred to 
as the 'Blackbum-Caperon model' below) which de- 
scribed the changes in the concentration and isotope 
ratio of the NH: pool. 

Glibert et al. (1982) noted that tracer conservation 
was not observed in field experiments in which 2 nitro- 
gen pools were measured, i.e. not all of the tracer 
leaving the NH: pool was recovered in the particulates 
(see also Hamson 1983). Laws (1984) also discussed 
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this apparent missing tracer, suggesting that a third 
compartment (e.g.  dissolved organic nitrogen) may 
play a much more important role in microplankton 
nitrogen cycling than earlier believed. 

In this paper, several exchange models are evaluated 
in terms of compartmental analysis. This is made possi- 
ble by using time-course data on the movements of 15N 
between the ammonium and particulate nitrogen pools 
from natural microplankton populations of coastal and 
oceanic waters. These data are used to test various 
models including those for carbon and phosphorus 
exchange (Smith & Platt 1984, Smith et al. 1985). 

MODELS OF NITROGEN CYCLING 

Dugdale & Goering model 

Dugdale & Goering (1967) were the first to use 15N as 
a tracer for nitrogen cycling studies in the marine 
environment. Their conceptual model of the planktonic 
nitrogen cycle is complex (Fig. 1) and can be described 
by a set of 5 simultaneous differential equations. How- 
ever, the authors greatly simplified these equations to 
calculate NH; uptake rates by using the following 
assumptions. (1) Quasi-steady-state conditions were 
assumed. This implies that the total nitrogen input into 
the system is equal to the total output (i.e. p10 + p02 = 

+ pI5) and therefore that the pathways of NH: 
cycling would be equal (p2, = p 3 ~  = p13). (2)  Oxidation 
of NH: to NO3 as well as transformations involving 
dissolved organic nitrogen were considered negligible. 
Although the authors recognized that substrate 'isotope 
dilution' could occur, this was considered to be insig- 
nificant and was therefore omitted in the derivation of 
the equations, i.e. the tracer proportion of the substrate 
(at % 15N in the NH:) was assumed to be constant. 

Fig. 1. Dugdale & Goering's model of nitrogen cycling. PP: 
phytoplankton pool; ZP: zooplankton pool. pij: transfer rates. 
in pg I - '  t ' ,  of material from the j ' h p ~ o l  transferred to the i* 
pool. V,,: transfer rate constants (in t-l). N: biomass In com- 
partment i (in pg N I - ' ) .  (Redrawn from Dugdale & Goering 

1967) 

The following equation was used to describe the 
change in the at% in the PON pool with time: 

where a l  and a3 = at% 15N in the PON and the NH: 
pools respectively; VI3 = a transfer coefficient (with 
dimensions of T1). In this model (presented schemati- 
cally in Fig. 2a), it is assumed that V,, is independent of 
the size of the NH: pool but is proportional to the PON 
pool size. This formulation of nitrogen uptake is identi- 
cal to the 'traditional' model for the 14C uptake rate 
calculation in primary productivity studies (cf. Smith 
1982, Smith & Platt 1984). 

Blackburn-Caperon model 

The model by Blackburn (1979) and Caperon et al. 
(1979) was formulated to follow the kinetics of "N in 
the NH: pool. In the simplest case, it is possible to 
represent the environment as a single homogeneous 
pool (Fig. 2b). The following assumptions were associ- 
ated with the original Blackburn-Caperon model: (1) 
uptake and regeneration rates are constant during the 
incubations (dimensions of M T 1 ) ;  (2) there is no recycl- 
ing of the I5N during the incubation period; and (3) 
uptake and regeneration rates are independent of NH: 
concentration. 

It is worth considering the simplest 2-compartment 
model, implicit in the work of several authors (Garside 
& Glibert 1984, Laws 1984, 1985). The original l-com- 
partrnent model described by Blackburn (1979) and 

Fig. 2. Compartmental models used in ammonium cycling 
studies. (a) Model used by Dugdale & Goering (1967) to 
calculate NH: uptake by particulate nitrogen. (b) Compart- 
mental model used to describe Blackburn (1979) and Caperon 
et al. (1979) model of NH; regeneration. (c) Modfied Black- 
burn-Caperon model. RN and RP: at% I5N in the NH, and the 
PON pool respectively: i and r: uptake and regeneration rates 

(in units of m o l e  1-' h- ')  
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Caperon et  al. (1979) (Fig. 2b) then becomes the 2- 
compartment model presented in Fig. 2c and hereafter 
called the 'modified Blackburn-Caperon model'. This 
closed 2-compartment model requires mass conserva- 
tion of the added tracer. It is used, in general, as a non- 
steady-state model and can be described by the follow- 
ing equations for mass balance: 

Ptota~ = Pn(t) + Pp(t) (2) 
Pn(t) = P,(o) + (r - l)t ( 3 )  
Pp(t) = Pp(o) - (r - i)t (4)  

where PtOtal = total amount of nitrogen during the 
incubation (a constant); Pn(t) and Pp(t) = concentrations 

of nitrogen at time t in the NH: pool and in the 
particulate pool respectively; P,(o) and P,(o) = initial 
pool sizes; r (or f ,o )  = regeneration rate (dimensions of 
M T ' ) ;  and i (or f o l )  = uptake rate (dimensions of M T ' ) .  
The change in the isotopic ratio of the NH: pool with 
tlme is described by the following equation: 

where R,(t) and R,(o) = at% 15N at time t and at time 
zero respectively in the NH: pool. An equation for the 
change in the at% l5N in the parbculate nitrogen can 

MODEL NO. 1 - 
2 -- 
3--- 
4 ----- 

Fig. 3. Time-course data for the tropical offshore station OS1. (a) NH: concentrations; (b) ISN in NH:; (c) 15N in PON; and (d) I5N 
in both the NH: and PON pools. Lines indicate the best fits of Models 1, 2a, 3a and 4 of Fig. 8 
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be easily derived using the mass balance constraint. At Since the total amount of tracer is initially in the NH: 
any time, the total amount of tracer (X,o,,l) is pool: 

where Xp(t) and X,(t) = amounts of tracer in the PON 
and in the NH: pools, respectively. As in the derivation 
of Dugdale & Goering's (1967) model, the amount of 
tracer in any pool is described as: 

METHODS 

X,(t) = Ri(t) - Pi(t) (7) Experimental procedures. The analyses described in 
this paper are based on data from 4 time-course experi- 

So, the tracer in the ~ a f i c u l a t e  ments, Three of these experiments were carried out in 
pool: 

X,(t) = Xtotal- Rn(t) . Pn(t) (8) water off the coast of Oahu, Hawaii, during the fall of 

. Pp(t) = XtOtd - Rn(t) - Pn(t) (9) 1982 as part of the PRPOOS program (Eppley 1982, 
Hamson & Harris 1986). Two of these experiments 

where Rp(t) = at% 15N in the PON pool. were performed in offshore waters, (OS1 and OS2) and 

MCOEL NO. 1 - 
2 -- 
3 --- 

Fig. 4. Time course data of the tropical offshore station OS2. Legend as in Fig. 3 
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the third was in a eutrophic embayment, Kaneohe Bay 
(KB1). Details of the sampling and experimental pro- 
cedures are described elsewhere (Smith et al. 1985, 
Laws et al. 1984, 1985, Harrison & Harris 1986). The 
fourth experiment was carried out in temperate coastal 
waters, Bedford Basin, Nova Scotia, Canada (La Roche 
1981). Polycarbonate bottles of 4 1, specially treated to 
minimize trace metal contamination (Fitzwater et al. 
1982), were used in the Hawali experiments. Acid- 
washed 1 1 boroshcate glass bottles were used in 
Bedford Basin. Data sets consisted of time-courses of 
NH: concentrations, and of "N content in the NH: and 
PON pools. PON concentrations were measured ini- 
tially and on most occasions, at the end of experiments. 

Compartmental analysis. The modified Blackburn- 
Caperon model (Eqns 3, 5 & 11) was fitted to the data 
for each expenment. The parameter values i and r 
which gave the best fit to the data were obtained using 
non-linear least-squares regression procedures (SPSS: 
Nie et  al. 1975). Fitting procedures of all the other 
postulated models presented were essentially the same 
except that either numerical solutions (simulations) or 
analytical solutions were used to calculate the least- 
squares parameter estimates (SAAM: Berman & Weiss 
1978). 

All other models analysed follow the rules of com- 
partmental analysis (Berman & Schoenfeld 1956, 
Sheppard 1962, Jacquez 1972) and are among the 

MODEL NO. 1 - 
2- 

5 l! - I  3 
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z 

Fig. 5. Tlme course data of the tropical Inshore station KB1. Legend as in Fig. 3 



142 Mar. Ecol. Prog. Ser. 38: 137-149, 1987 

simplest form of compartmental models, i.e. 1st order 
lunetic models. The 2 basic assumptions made with this 
type of compartmental model are: (1) the transfer coef- 
ficients (T-') are constant and thus independent of pool 
size; (2) there 1s no discrimination between isotopes, 
i.e. the net transfer of isotope occurs according to its 
abundance in each pool, thus isotope recycling Milll 
occur. Recycling of tracer isotope to the pool where it 
was initially introduced depends on the rate at which 
the tracer is transferred to other pools. Isotope recy- 
cling depends on how heavily labelled other pools will 
be  and should therefore be small during the early stage 
of a time-course experiment and increase with time. 

RESULTS 

The results of the 4 time-course experiments are 
presented in Fig. 3 to 6. Significant changes in NH; 
concentration occurred in 2 experiments. A net 
decrease was observed in Bedford Basin (Fig. 6), and a 
slight increase was detected for experiment OS2. There 
were no significant trends in the NHT time-courses for 
Experiments OS1 and KBI (Fig. 3a & 5a). In all cases, 
however, it appeared that the particulate nitrogen con- 
centration did not change appreciably during the 
course of the Hawaii experiments (Renger 1983). 

Changes in the at% 15N in the NH: (e.g. Fig. ?a) 

MODEL No 3b - 
2b -- 
30 
Zc ----- 

Fig. 6. Tlme course data of the temperate station, Bedford Basin (BB). Legend as in Fig. 3,  except that the models fitted were 3b, 
2b, 3a and 2c of Fig. 8 
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Fig. 7. Fit of the Blackburn-Caperon model (solid line) to the time-course from Stn OS1. (a) Shows the fit of the model to the at% 
I5N in the NH: pool; (b) shows the fit to the at% I5N present in the PON, and (c) shows the model fit to the NH: pool 

indicated that the assumption of constant substrate 
specific activity, necessary to the Dugdale & Goering 
model, was not appropriate for the experimental data 
presented here (see also Harrison & Harris 1986). No 
attempt was made here to fit their model since it was 
clearly invalidated by the experimental observations; 
Harrison & Harris (1986) have dealt with this. 

Attempts to fit the modified Blackburn-Caperon 
model to the experimental data often resulted in large 

initial residual variance (i.e. variance after the fit of the 
initial parameter estimates), indicating an unaccept- 
able lack of fit of the model to the data. Parameter 
estimates for the modified Blackburn-Caperon model 
were obtained only for OS1 and OS2 time-course data, 
and the best case of this analysis, obtained with Expen- 
ment OS1, is presented in Fig. 7. Although parameter 
estimates could be obtained for this data set, the sys- 
tematic lack of fit of the model is readily noticeable. For 
example, the model overestimates the at %I5N in PON 
throughout the time course; the at% 15N in NH: is 
initially overestimated but becomes underestimated 
towards the end of the incubation. Likewise, the model 
predicted a doubling in the NH: concentration that 
was not observed in the data. Other 2-compartment 
models which assume steady-state (for example, Model 
1, Fig. 8) also gave a similar systematic lack of fit to the 
data. 

All closed 2-compartment models, including the 
modified Blackburn-Caperon version, require conser- 
vation of the tracer. Fig. 3d to 6d show that this was not 
the case for 3 of the 4 experiments. Moreover, in some 
experiments, definite trends were observed in the total 
15N tracer. In OS1, there was initially (within the first 
hour of incubation) a rapid decrease of 15N followed by 

3 a )  an  asymptotic increase, approaching the amount of 
tracer initially added. Variable tracer recovery was also 
observed in the KB1 and OS2 experiments although 
trends were not as obvious. A noticeable decrease in 
the recovery of tracer was also evident in the Bedford 
Basin experiment (Fig. 6d). It would therefore appear 
that a closed 2-compartment model is inappropriate to 

4 explain the experimental observations presented here. 
It is possible to identify the number of compartments 

needed for a particular data set by fitting a sum of 
Fig. 8. Diagram illustrating the models fitted (tested) to the 4 
experiments used in this paper. L(i, j) represent the fractional exponentials model to the data (Berman & Schoenfeld 

transfer rate of material (in units of h-') from the jlh to the 1956, Anderson 1983). Several exponential functions, 
pool including between 2 and 4 terms, were fitted. In gen- 
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eral, the best description of the data was obtained with 
a sum of 3 exponentials model. For example, the sum of 
exponentials model that best fit the data from OS1 was: 

YNH: (t) = 1.5 + 17.4e-0.147L + 1 5 . 9 e - l . ~ ~ ~  (12a) 
YPON(t) = 8.78 - 8.78e-0-1481 (1 2b) 

where YNH:(t) and YPON(,) = predicted values of at% 15N 
in NH: and in PON time-courses, respectively. Empiri- 
cal models with 3 exponential terms fitted all of the 
time-courses well, suggesting that a 3-compartment 
model may be most appropriate for the data described 
here. 

A number of 3-compartment models (Fig. 8, Models 
2, 3 and 4) were tested; the residual sum of squares for 
each model is presented in Table 1. The parameters for 
Model 2 (Model 2a for Hawaii experiments; Model 2c 
for Bedford Basin experiments) which gave the 
minimum residual sum of squares are listed in Table 2. 
In order to assess the effect of variable NH: pool size, 
observed in 2 of the experiments, several models with 
time-varying coefficients (i.e. 2nd order kinetic, with 
parameter dependence on either NH: or PON pool 
size) were fitted to the experimental data. Overall, the 

models with constant transfer coefficients (1st order 
kinetic) gave best results for the Hawaii experiment. 
The Bedford Basin experiment on the other hand, was 
described slightly better (Table 1) by Model 2c when 
one of the transfer coefficients (L[1,2]:transfer of tracer 
from NH: to PON) was forced to be dependent on the 
PON pool size (Table 1, Model 2c'). This second order 
kinetic model (Fig. 8, Model 2c) assumed that the 
change in PON was inversely proporbonal to the NH: 
disappearance. This implied that there should have 
been a 20% increase in PON pool size during the 
incubation. No such increase was observed based on 
initial and end-point PON measurements. It was there- 
fore difficult to justify the use of a 2nd order kinetic 
model in spite of the decrease in the residual sum of 
squares. These analyses indicate that the dependence 
of transfer coefficients on pool size may not be very 
important in NH: cycling models and that 1st order 
kinetic models are adequate (Smith 1974). When 2 
models give equally good fits, the simpler one (i.e. 
transfer coefficients independent of pool size) is usually 
preferred (Smith et al. 1985, Jacquez 1972, k g g s  1972). 

Model 3 (Fig. B), a model allowing the exchange of 

Table 1. Residual sum of squares for the models tested (fitted) to the experimental data sets. T h s  table summarizes the residual 
sum of squares for the NH; and PON pools of the tropical offshore stations (OS1 and OS2), the tropical inshore station (KB1) and 
the Bedford Basin (BB). (Refer to Fig. 8 and 'Results' for model descnptions). The NH: assimilation constant (L[l,  21) in Model 2c' 

(Bedford Basin) was forced by the function G1 = 8.97-1.9 exp (-0.10368.T) 

Station 

OS1 OS2 KB 1 BB 

Models NH: PON NH: PON NH: PON NH: PON 

1 0.38 X 10e4 0.65 X 10-S 0.16 X 10-' 0.18 X 10-4 0.96 X 10-4 0.52 X 10-S - 
2 a 0.33 X 10-5 0.25 X 10" 0.29 X 10'5 0.13 X 10-4 0.43 X 10-5 0.87 X 10-5 - 

b - - 0.84 X 10-I 0.86 X 10-' 
C - - 0.3 X 10-' 0.27 X 10-' 
C' 0.29 X 10-' 0.27 X 10-' 

3 a 0.18 X I O - ~  0.11 X I O - ~  0.3 X 10-4 0.43 X 10-S 0 . 3 9 ~  10-4 0.11 X 10-4 0.33 X 10-I 0.26 X 10-I 
b - - 0.39 X 10-' 0.93 X 10-' 

4 0.32 X 1 0 - ~  0.91 X 10-' - - - - 

Table 2. Parameter values for fit of Model 2 (Fig. 8) L(i,j) represent the frachonal transfer coefficient (units of h-') for the transfer 
of material from the jh pool to the iLh pool. The transfer coeff~cients for Stns OS1, OS2 and KB1 are from the fit of Model 2 to the 
data. The transfer coefficients for the Bedford Basin Station are from Model 2c and 2c'. ' Represents the assimilation rate constant 

forced to be dependent on the PON pool size by the funct~on G1 = 8.67-1.9 exp (-0.10368.T) 

Parameters (h-') 
Station L(1,2) L(2, l )  L(2,3) L(3,2) 

OS 1 0.24 f 0.02 0.005 t 0.002 3.3 t 0.4 3.3 t 0.4 
OS2 0.16 + 0.02 0 09 C 0.02 4.3 + 0.9 10.0 t 2.0 
KB 1 2.6? 0.4 0.06 2 0.01 5.8 + 2.6 12.0 + 3.0 
B B 0.100 2 0.005 - - 0.066 2 0.006 

'0.0129 f 0.0006 - 0.061 t 0.005 
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tracer between NH: pool and 'DON' pool via the PON 
pool only, has been applied successfully in some 
studies of carbon (Wiebe & Smith 1977) and phos- 
phorus cycling (Smith et al. 1985). However, other 
workers (Dring & Jewson 1982, Smith & Platt 1984) 
have found this model to be unsatisfactory for carbon. 
Model 4 (Fig. 8) was tested because of its successful 
application in phosphorus studies (Lean 1973, Currie & 

Kalff 1984a, b). Model 2 or a slight variation of it (Model 
2c) gave the best fit to all the data sets. The exchange 
mechanism described by Model 2 predicts direct 
interactions between the NH: pool and a 'dissolved 
organic nitrogen' pool. In the Hawaii experiments, the 
dynamics of the 15N tracer were best explained by 
allowing a rapid exchange of tracer between the NH: 
and the DON pool, accounting for the apparent loss 
and subsequent recovery of tracer observed (Fig. 3d, 
4d, 5d). The particulate pool (collected on glass fiber 
filters) apparently interacted more slowly with the NH: 
pool, but, in the long term, accumulated the largest 
quantity of tracer. 

Pool sizes can be calculated from the estimated trans- 
fer coefficients. Table 3 is a comparison of the ratios of 
measured and predicted PON to NH: pool sizes. Only 
at Station OS2 did predicted ratios correspond closely 
with the measured ones. At OS1 and KB1, the pre- 
dicted ratios are 12 and 2.5 times greater than the 
measured ones, respectively. This may have been due 
to discrepancies among analytical techniques leading 
to over- or underestimates of pool sizes. The preferred 
models (Model 2a for the Hawaii experiments and 
Model 2c for the Bedford Basin experiment) were cho- 
sen on the basis of least-squares best fit (Table 1). 
However, as mentioned by Smith et al. (1985), one must 
be cautious in this approach since this choice does not 
prove that the nitrogen exchange pathways rep- 
resented by the model are operating in nature. The 
model simply represents a possible description off com- 
partments and exchange pathways which can repro- 
duce the experimental observations well. 

DISCUSSION 

Until a few years ago, the conventional analysis of 
I5N tracer experiments used single endpoint measure- 
ments to obtain transfer rates (Harrison 1983). Two 
different models, the Dugdale & Goering (1967) and 
the Blackburn-Caperon models (Blackburn 1979, 
Caperon et al. 1979), were used to calculate nitrogen 
uptake and regeneration rates, respectively. The Dug- 
dale & Goering (1967) model describes the at% ' 5 ~  in 
the PON pool and the Blackburn-Caperon model 
describes the atoh 1 5 ~  in the NH: pool. The models are 
both mathematically complete (i.e. they have as many 

equations as  variables and can be solved, providing 
that initial and single end point measurements of at% 
ISN in the particulate and dissolved inorganic pools are 
available). In the experiments described here, simul- 
taneous detailed time-courses of change in 15N isotope 
in both PON and NH: pool were available. This type of 
data can be used for the calculation of uptake and 
regeneration rate using the conventional models, but 
they are also valuable in investigating cycling mechan- 
isms. In this study, we were seeking the simplest model 
that could simultaneously predict the change in the 
amount of tracer in the PON and NH: pool during the 
course of the experiments. The 'traditional' models may 
be useful for estimating uptake and regeneration rates 
when only single endpoint measurements are avail- 
able. On the other hand, it is clear that these models do 
not adequately describe the mechanisms of exchange 
between the PON and the NH: pools when time course 
data are considered and are under the constraints of 
the assumptions outlined above. A systematic lack of fit 
of all closed 2-compartment models tested was appa- 
rent. The models' prediction of at% 15N in PON were 
too high while the predictions were too low for NH:, 
especially towards the end of the incubations. 
Although the conventional models are likely of Limited 
use to describe the entire time course data from more 
than one nitrogen pool, they remain the simplest and 
quickest way to calculate uptake or regeneration rates 
from single pool data. The most useful application of 
the modified Blackbum-Caperon or the Dugdale & 
Goering model to time-course data, for example, would 
probably be to calculate uptake and regeneration rates 
using successive time points; i.e. not to constrain the 
model to constant parameters (see Laws 1985). 

Our analysis sugggested that a 3-compartment 
model appears to be more appropriate than the con- 
ventionally used 1 or 2-compartment models, particu- 
larly in accounting for the incomplete recovery of tracer 
observed in all experiments. Harrison (1983) and Laws 
(1984) noted this also in their analyses of Glibert et al.'s 
(1982) data. The interaction with a third nitrogen pool 
is further supported by the goodness of fit of "N tracer 
in the NH: pool to a sum of 3 exponentials model 
(Berman & Schoenfield 1956). 

Table 3. Comparison between P0N:NH: ratios measured 
analytically or pre&cted from Model 2a, Fig. 8, for Hawaii 

experiments 

Station Predicted Measured 

51.00 

KB 1 40.00 15.20 
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It is encouraging to note that the same nitrogen 
exchange models were applicable despite the diversity 
in environments tested. Model 2a (Fig. 8) ,  which gave 
the best fit to all the tropical station experiments, pre- 
dicted an exchange of material between an operation- 
ally defined dissolved organic pool and the NH: pool 
which was much faster than the exchange between the 
PON and NH: pools. Accumulation of the tracer into 
PON occurred relatively slowly. In these experiments, 
our analyses suggested that some recycling of ''N 
occurred over a 24 h period. Functional pool sizes 
estimated from the fitted parameters predicted very 
small and active NH; and DON pool sizes. 

The Bedford Basin experiment was better described 
by Model 2c (Fig. 8) which is only a slight modification 
of the model applied to the Hawaii experiments. The 
net loss of tracer with time seen in the Bedford Basin 
experiment might be attributed either to its incorpora- 
tion into a third pool (DON) which in this case slowly 
recycles, or perhaps to abiotic adsorption onto the walls 
of the glass incubation vessel. It has been hypothesized 
that adsorption onto vessel walls occurs during incuba- 
tion for orthophosphate uptake experiments, for exam- 
ple (Smith et  al. 1985). There is no evidence yet, how- 
ever, that this occurs with NH:. Estimates of functional 
pool sizes could not be obtained for the Bedford Basin 
experiment. Moreover, no significant recycling of the 
tracer occurred within the 24 h incubation period. 

It can be legitimately argued that the mechanism of 
exchange between nitrogen pools presented by Model 
2 is probably an oversimplification of a much more 
complex system (e.g. Lipschultz et al. 1986). Unfortu- 
nately, in order to justify a more elaborate model 
(increased number of pools and of transfer coefficients), 
one would require a more detailed data set in which 
more pools were separated and measured. Untd this is 
achieved, one can only speculate as to what these 
compartments and transfer coefficients represent in 
nature. For example, in the Hawaii experiments, it is 
possible that a subpool of the particulate material, 
mainly living microorganisms, is involved in the trans- 
fer of the tracer from the NH: to the DON pool by rapid 
uptake and recycling of NH;. Bacteria (heterotrophic 
and photoautotroph~c), for example, may be Likely can- 
didates because of their apparent importance in the 
microplankton communihes in these expenments 
(Renger 1983). Size fractionation of chlorophyll a,  ATP 
and cell counts from the tropical stations indicated that 
there were 2 major size classes of phototrophs. The 0.4 
to 3.0 pm and the 5 to 8 pm size fractions made up 40 O/O 
each of the total chlorophyll a. The small (0.4 to 3.0 pm) 
size fraction accounted for 48 O/O of the total ATP, whde 
the larger (5 to 8 pm) size fraction accounted for only 
9 %. Cell counts indicated that heterotrophic bacteria 
and phototrophic cyanobactena were at least 3 and 1 

orders of magnitude, respectively, more abundant than 
other microplankton groups. A rapidly growing bac- 
terial community could probably compete successfuly 
with phytoplankton for the NH: (Wheeler & firchman 
1986); this type of relationship between microhetero- 
trophs and autotrophs has been recently clearly 
demonstrated in freshwaters, for phosphorus (Currie & 
Kalff 1984a, b). Moreover, Laws et al. (1984) found that 
at the same tropical stations, NH; uptake usually 
exceeded photosynthetic protein synthesis, suggesting 
that heterotrophs were responsible for a large part of 
the NH: uptake. It is possible that our 'dssolved 
organic nitrogen' pool represented, at least in part, 
bacteria and small microflagellates (Dugdale & Wilker- 
son 1986). The particulate matter for I5N measurements 
was collected by filtration onto glass fiber filters. These 
filters have a nominal pore size of 0.7 vm and some 
passage of micro-organisms through these filters could 
have occurred (cf. Fergusson et al. 1984). On the other 
hand, studies by Cuhel et al. (1983) have shown that 
bacterial passage through glass fiber filters is small. It 
remains unclear, therefore, whether our third pool was 
composed of dissolved organic material only or also 
contained microbes. Although it is not possible to prove 
that the mechanisms of nitrogen exchange proposed 
for the tropical stations are correct, the avadable 
biological evidence does not disprove our hypothesis. 

Recently, Goldman & Dennett (1985) have shown 
that cells lacking rigid cell walls may be susceptible to 
cell breakage and subsequent leakage of the internal 
pools. They suggested that this fact may explain some 
of the incomplete tracer recovery often observed in 15N 
regeneration experiments (Glibert et al. 1982, Harrison 
1983, Laws 1984). The experimental data from the 
Hawaii station may tend to support this hypothesis 
since the total recovery of tracer is often lower at the 
beginning of the experiment than at the end, especially 
in the case of OS1. This result would be expected if 
leakage of tracer in the form of low molecular weight 
nitrogen compound occurred. In later stages of the 
experiment, the internal pool of low molecular weight 
nitrogen should be incorporated into proteins and 
should not be as easily subjected to leakage upon cell 
bursting especially when filtrations are done with glass 
fiber filters (Goldman & Dennett 1985). However, the 
Bedford Basin experimental data does not support this 
hypothesis. Furthermore, Laws et al. (1985) presented 
data on ' 5 ~  incorporated into protein which do not 
support Goldman & Dennett's (1985) explanation. Fig. 
7 of Laws et al. (1985) presents a time-course of the 
ratio at% I5N in protein/total at% 15N in PON. The data 
for I5N in protein were collected from experiments 
conducted in parallel with our Hawaii experiments. At 
all 3 stations, the ratios show an increase with time 
from as low as 30 % reaching almost 100 % towards the 
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end of the incubation 24 h later. If a significant leakage 
of the internal unassimilated nitrogen occurred, one 
would expect the ratio of 15N in protein/I5N in PON to 
be higher and relatively constant. Since both measure- 
ments of at% I5N in proteins and at% ' s ~  in PON 
require filtration onto GF/F filters, cell breakage, if it 
occurred, should have affected both samples equally. 
The fact that TCA-soluble material can still be 
extracted after the initial filtration and rinsing steps 
suggests that cell leakage was not a significant prob- 
lem in these experiments and cannot explain satisfac- 
torily the patterns of tracer recovery obtained in our 
results. 

Strong arguments can be made against attempts to 
model 24 h time-course experiments. For example, 
there may be a gradual species selection during the 
course of the incubation that could significantly affect 
the experimental outcome. However, direct cell counts 
(L. Haas unpubl. data) indicated that there was no 
general pattern in the species composition of the plank- 
ton during the course of an experiment. In the OS1 
experiment, there was a net increase in all the groups 
of organisms present. On the other hand, mortality of 
heterotrophic and autotrophic flagellates was observed 
in the OS2 experiment. In all the experiments, bacteria 
and cyanobacteria were abundant throughout the incu- 
bation. 

Alternatively, diurnal variations may be too pro- 
nounced to allow description of the data with a simple 
model (Pages & Lemasson 1982). In our case, signifi- 
cant changes that could be attributed to a diurnal light 
cycle could be detected only at the OS1 station. This 
was different from parallel phosphorus time-courses 
(Smith et al. 1985) in which a dawn surge in phos- 
phorus uptake was often observed. 

Comparison with modified Blackburn-Caperon model 

Table 4 shows a comparison of regeneration rates 
calculated from Model 2a (Fig. 8) and the modified 
Blackburn-Caperon model. Since rates calculated from 
the modified Blackbum-Caperon model vary with 
incubation time (Harrison & Harris 1986), the range of 
the values calculated throughout the time-course have 
been included. The values derived from Model 2a are 
close to or fall within the range of these derived from 
the modified Blackburn-Caperon model, indicating 
some agreement between the estimates. It is difficult, 
however, to compare the results obtained from these 2 
approaches since, in our analysis, it was found that (1) 
measured and predicted pool sizes did not agree, and 
(2) the NHZ and DON pools exchanged rapidly with 
each other. The rapid exchange occurring between 
DON and NH: did not greatly affect the calculation of 

uptake rate by PON (or, indirectly, growth rate calcula- 
tions) which contrasts with the results found by Smith 
et al. (1985) for phosphorus cycling. Several improve- 
ments in the calculation of uptake rates have been 
introduced recently (Glibert et al. 1982, Laws 1984) 
involving the use of time averages of the function 
describing the change in at% 15N in the NH; pool. Our 
results indicate a systematic lack of fit of both a single 
exponential and the Blackburn-Caperon equations. In 
our experiments, a time average of a sum of 3 exponen- 
tials model would give a better estimate of the mean 
atoh I5N ratio in the NH: pool. 

The data also indicate that end-point measurements, 
whether from short or long incubations, can lead to bias 
in calculated uptake rates. Our results suggest that 
short term time-courses of the order of minutes (e.g. 
Goldman et al. 1981) can also be misleading. For exam- 
ple, in the OS1 experiment, half of the I5N tracer 
introduced in the NH: pool was not recovered in either 
the NH: or the PON pools within a few minutes follow- 
ing tracer addition. The lost tracer gradually 
reappeared in these 2 pools towards the end of the 
incubation, 24 h later. 

The model which seemed to best describe our data is 
different from the modified Blackburn-Caperon model 
often used in "N cycling studies. Recent models of 
phosphorus and carbon cycling also incorporate a dis- 
solved organic pool. However, there exist differences in 
the behaviour of tracer lunetics among planktonic com- 
munities and among types of nutrients (phosphorus, 
nitrogen, carbon). It may prove difficult to make accu- 
rate estimates of cycling rates when one does not know 
the cycling mechanism. The approach of compartmen- 
tal analysis of time-course data provides a means of 
testing several possible tracer exchange pathways 
between a number of compartments. It would be desir- 
able in future experiments to perform detailed time- 
courses in several different environments in order to 
examine whether there exist any common patterns of 
nitrogen cycling. Furthermore, attempts should be 
made to obtain mass balances of the tracer isotope and 
to discrinlinate between any 'sub-pools' within the par- 
ticulate and dissolved organic matter pools. 

Table 4.  Comparison of NH: regeneration rates from PON 
measured from the fit of Model 2a i.e. (L12.11 X PON concen- 
tration) and those measured from the convenhonal Blackburn- 
Caperon model, for the tropical stations OS1, OS2 and KB1 

Station Model 2a, Fig. 8 Blackburn-Caperon 
(nmoles 1-' h - ' )  (nmoles 1.' h") 

Minlmum Maximum 
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