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ABSTRACT: We develop a method to calculate grazing on
bacteria determined by the disappearance of marked cells or
particles. The method uses an exponential model based on
population dynamics. We also describe 2 linear approaches:
one is @ model currently in use that takes into account only
the initial proportion of marked cells; the other also includes
their final proportion. An experimental data set is used to
compare the 3 models. The first linear model tends to under-
estimate grazing due to lack of information concerning the
final proportion of marked cells. The second linear model,
which does take into account the final abundances of marked
and natural cells, results in a good approximation to the expo-
nential. We conclude that consideration of the final proportion
of marked to natural cells is crucial to correctly estimate bac-
terial grazing.

KEY WORDS: Bacterivory - Mathematical methods - FLB

The contribution of bacteria to the total plankton bio-
mass in aquatic ecosystems is frequently substantial
(Ferguson & Rublee 1976, Watson et al. 1977, Holligan
et al. 1984, Fuhrman et al. 1989). Thus, in modeling
energy flow in these ecosystems it is necessary to
quantify bacterial mortality from predation.

Several methods to quantify the rate of total con-
sumption of bacteria have been described (e.g. Landry
et al. 1984, Wright & Coffin 1984, Sherr et al. 1986).
Lately, methods which rely on the disappearance of
marked cells over an extended incubation (24 to 48 h)
have frequently been used (Pace et al. 1990, Marrasé
et al. 1992, Vaqué et al. 1992). These methods are
based on adding dead marked cells to natural unfil-
tered water volumes, at concentrations of 10 to 40% of
the abundance of natural bacteria. Water samples are
then incubated over 24 to 48 h and subsamples are
taken at the beginning and at the end of the incubation
period.

Conceptually, during the incubation period, the
abundance of bacteria and marked cells follow expo-
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nential models. The percentage of marked cells
changes over this period because the natural bacteria
reproduce. Nevertheless, this aspect was ignored in
recently published papers (Pace et al. 1990, Vaqué et
al. 1992). Simply the initial percentage of marked
cells was used to calculate the grazing (Vaqué pers.
comm.).

Here, we compare 3 different models to calculate
grazing activity: (1) a linear model taking into account
the initial concentrations of marked and natural cells
and the final concentration of marked cells; (2) a linear
model taking into account the initial and final concen-
tration of both marked and natural cells; (3) an expo-
nential model based on population dynamics. We
apply these 3 models to an experimental data set to
illustrate the different grazing calculated with each
model. Finally we demonstrate analytically (see
appendix) that the second model is a fairly good
approximation to the third.

Description of models. Model 1: In this model it is
assumed that the percentage of marked cells with
respect to the natural bacteria does not change over
the incubation period. This assumption implies that
reproduction of natural bacteria is negligible. Authors
who use this model calculate grazing rates as follows:

G = (Fo-Fp =2 (1)

where G = number of bacteria grazed during the
period T; Fpand Fr=the initial and final abundances of
marked cells; and Ny = initial abundance of natural
bacteria. Thus, grazing is calculated by multiplying the
decrease in marked cells by the initial percentage of
marked to natural cells.

Model 2: Here it is assumed that the mean numbers
of natural (N) and marked (F) cells over a period T
coincide with the arithmetic mean of the values at the
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beginning and at the end of the incubation (linear evo-
lution). That is,
= NO + NT

N = and F = fotrfr

5 5 (2a, 2b)

The proportion of marked bacteria removed by graz-
ing during the period T will be

_ Fy-Fr

F 3)

Now, if we assume that the natural bacteria and
marked cells are removed at the same rate, the number
of natural bacteria grazed during the period T can be
calculated as follows:

N0+NT

G =qN = (Fp~-Fp Fy, + Fr

. (4)

Model 3: This is based on the population dynamics of
the bacterial assemblage (Marrasé et al. 1992). Consid-
ering the dynamics of living bacteria, the net growth of
the population at time ¢ can be expressed as

dN _dc _ dp )
dt dt dt
where N = total number of cells at time ¢, C = number
of new cells produced; and P = number of predated
cells.

If we assume that growth and predation are propor-

tional to the total number of cells, we can express

dc dpP _

a kN and ar gN, (6a, 6b)
where k and g are constants. Then
% = kKN-gN = aN, 7)

where a = k — g is also constant. We can call a the
net instantaneous growth rate, and k and g the in-
stantaneous gross growth and grazing rates respec-
tively. Notice that if @ > 0 the population grows, and
if a < 0 the population is driven to collapse. If a = 0,
the population is stable; growth and predation are
balanced.
Integrating Eq. (7), fora=0,
dN

— = adt,

N then N = Nye®, (8)

and, substituting Eq. (8) in Eq. (6a, 6b), we have

dc _ kNye? and dp _ gNye? .

dt ar - (%a, 9b)

The net growth of the population over a period T can
be obtained from Eq. (8) as

AN = NT_NO = Noea[—NO = No(eat—l] . (10]

The gross growth AC and predation AP during this
period can be obtained by integrating Eq. (9a, 9b) as
follows:

T T
AC = J dC = J kNye®'dt = M(e‘”— 1) = EAN.
0 0 a a
(11)
Similarly,
AP = gAN, (12)
Consequently,
ac-ap = K- %]AN - AN, (13)

which is an obvious result.

Note thatif a=0, g=kand AC=AP=gN,T.

Now let us go back to consider the dynamics of nat-
ural and marked bacteria. Natural bacteria will both
grow and suffer predation while marked cells will only
be predated. If we assume that predators are not selec-
tive (the same assumption as in Models 1 and 2), then
predation rates are the same for both assemblages.

In this case, during a period of time T, according to
Eq. (8),

Nr = Nye?” and Fr = Fye9, (14)

where N refers to the natural bacteria and F to
marked cells (as before). Observe that the net growth
of marked cellsis 0 - g =-g.

From a practical point of view, the method of calcu-
lating grazing according to this model will be as
follows. First, we determine, from Eq. (14), the net
instantaneous growth and grazing rates (a and g re-
spectively):

1

and g = —Tln

Fr

a:%ln

Nr

No

where Ny, Ny, Fy and Fr are obtained experimentally;
and, second, we use them to calculate the number of
natural bacteria predated during this period, according
to Egs. (12) and (10):

Fora=0,

G = AP = gAN = g(NT-NO), (16)

and, for a= 0,
G = AP = gN,T. (17)

Formal similarities among the three models:
Observe that one similarity among the 3 models of G
is that each contains (Fy — F7) multiplied by a factor
(Table 1). In the first model, this factor is the inverse of
the initial proportion of marked particles; in the second
and the third models the inverse proportion is obtained
using the means (linear and exponential respectively)




Salat & Marrasé: Estimated grazing on bacteria 207

Table 1. Formal similarities among the 3 models. G: bacteria grazed during
a period T; Ny and Ny: natural bacteria abundance at time 0 and time T
respectively; Fy and F7: marked particle abundance at time 0 and time T

respectively

regression analysis. In both analyses the
amount of variance explained by the
regression was high (n = 69, Model 3 vs 1:
1’ = 0.947; Model 3 vs 2: 1 = 0.998), but the

Model Expression for G
N,
1 G = (Fo—FrlF—s
2 G = [F0~FT]% where N = M and F =22 °T
3 G = (Fo- Fo where N = lJTth and F :lJTth
F T'o Tl

slopes were different. As was expected
from the theoretical comparison described
in the appendix, results from Models 2 and
3 showed good agreement (Fig. 1A, slope =
1.023), while results from Model 1 were
systematically lower than those calculated
by Model 3 (Fig. 1B, slope = 1.536).

The discrepancies between Model 1 and
the other 2 models arose from the fact that

over the period (Table 1). The first 2 expressions of G
in Table 1 are given explicitly in the sections above
and the third can be easily shown as follows:

__lr- _lJT at _]_\]_0 aT _ _M
N = T-oth =7 0Noe dt = aT{e ) = Pl
(18)
then, from Eq. (12),
G = AP :%AN = gNT. (19)

Similarly,

—_LJT _LJT wtgr- Fo 4 aom o L p
F= Oth-TOFOe dt“gT(l e 97 = —(Fy-Fp),

r (20)
then,
1
T = —(F-Fy), (21)
gF
substituting Eq. (21) in Eq. (19}, we obtain:
iN
G=922F-F). (22)
qF

Comparison of models. We have used data from
Marrasé et al. (1992) to examine the differences among
models. In that paper, the seasonal and daily changes
in bacterivory in a coastal plankton community (Vine-
yard Sound, Massachusetts, USA) were studied, and
authors calculated community grazing rates from the
disappearance of Fluorescently Labeled Bacteria
(FLB}. This data set, which included 69 cases, is the
only one we are aware of that has natural and labeled
bacterial abundance at both the beginning and the
end of the incubation period (in this case 48 h). For
Model 3, the range of values of the instantaneous
grazing and gross growth rates varied between 0.02
and 0.6 d~! and between 0.03 and 0.8 d~! respectively.

We calculated total community grazing rates (G)
from this data set using the 3 models and compared the
results obtained from each linear model (Models 1 and
2) against the exponential model (Model 3) with a

Model 1 does not consider the final abun-

dance of the natural bacterial assemblage.
Consequently, if gross growth rate, k, is close to 0 (i.e.
No/Fy = Np/F7) the behaviour of the 3 models is
approximately the same. In particular, when k = 0
(Ny/Fo= Nt/ F7), Egs. (4) and (1) coincide.

To show how the discrepancies varied for different
grazing and gross growth rates, we examined, as an
example, the variation of the quotient between results
from Model 1 and Model 3 for the 2 extreme g values
(0.02 and 0.6 d~'}), when varying the k values from 0 to
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Fig. 1. Comparison of 3 estimates of total community grazing
rates (G; bacteria x 105 ml~' d~Y). (A) Model 2 vs 3; (B) Model 1
vs 3. Note that the line is just y = x and not the regression line
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Fig. 2. Variation of the quotient between results from Model 1
and Model 3 for the 2 extreme g values (0.02 and 0.6 d!)
when k varies from 0 to 0.8 d~!

0.8 (Fig. 2). These discrepancies are almost negligible
when varying g, but, as previously mentioned, the dif-
ferences between models magnify as k increases. Note

that for a likely value of k = 0.5, the underestimation of -

grazing from Model 1 already reaches 20% per day.

Discussion. Several experimental protocols used to
evaluate grazing on bacteria, such as the disappear-
ance of labeled cells, require long-term incubations
(24 to 48 h). Using these protocols, any analytical
model to quantify the bacteria grazed should take into
account both the grazing process and the growth of
natural bacteria. We compared 3 different approaches
to calculate grazing on bacteria. The linear approach
of Model 1 (currently in use) does not take into ac-
count the growth of natural bacteria, while both
Model 2 (linear) and Model 3 (exponential) ap-
proaches do take into account changes in natural bac-
teria abundances.

From a conceptual point of view, we consider that
the best approximation is obtained using an exponen-
tial model (Model 3). In fact, the main reason for
including Model 2 here is to illustrate that the kind of
approach chosen (linear vs exponential) to estimate
grazing is not as relevant as is the lack of information
about final bacterial abundance (Model 1). This is seen
from the comparison of models (Model 1 vs 3 and
2 vs 3; Fig. 1).

We have therefore proved that Model 2 is a good lin-
ear approximation to the exponential, which could be
used alternatively with certain limitations (see Eq. A13
in the appendix). However, we recommend the expo-
nential model because it also gives information on both
grazing and growth processes through instantaneous
rates (g and k respectively).

We have also proved that when the final abun-
dance of natural bacteria is not considered (Model 1),

the number of bacteria grazed will always be under-
estimated (or overestimated when gross growth rate,
k., is negative). In any case, differences between
Model 1 and the others will be greater with greater
difference of k from zero. As many studies show
fairly rapid growth of bacteria, we discourage the use
of Model 1. The underestimation of grazing in these
cases becomes large (at least 20% per day for k 2 0.5;
Fig. 2).

In conclusion, for accurate measurements of grazing,
the final counts of natural bacteria should be deter-
mined, especially in systems where growth is expected
to be relatively high (eutrophic situations) or negative
(situations in which there are other important mortality
sources, e.g. viruses).
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APPENDIX
Comparison between Model 2 and Model 3

In this section we compare Models 2 and 3 analytically.
First, we find that instantaneous rates, a and g, can be
approximated by a function in a neighbourhood of 0
through Taylor development. This function was chosen so
that the resulting approximated values a' and g’ could be
obtained linearly from N,, Ny, and Fy, Fr.

Next, we show that the expression for grazing (G) in
Model 2 can be converted formally to the same expression
from Model 3 using these approximate values. Finally, we
determine the intervals of g and a values that approximate
the function G with an error less than 10 %.

Let us consider y(x) to be the following function:

_ne*-1
y = 2ex+ i (A1)
The derivative of y{x) is
. dy _ 4e* (A2)

YT ax (e*+ 1%’
and the second derivative is
. _ dly _ 4efl-e)
Y dx® (e*+1)° ~
Developing the function y(x} in a Taylor series, in a neigh-
bourhood of 0,

(A3)

Y(x) = ¥0) + y'(0)x + Y;(IO]XZ o, (Ad)

and, from Eqgs. (A1), (A2) and (A3),

y(0) = 0, y(0) = % = 1, and y'(0) = 0,
(A5a, ASb, A5c)
then,

y{x) = x+¢&(x). (A6)

It can be easily demonstrated that the function satisfies
the following properties (Fig. Al):

B y0) =20

1) yl-x) = -y(x)

(i) ly()l < |xl, x # 0

(iv) le(x)| is a monotonously increasing function of [x|.

Now, we calculate that the value of x which gives [¢(x)| = 0.1
is x = 1.16, and, according to (i) to (iv), we can be sure that

le(x})] < 0.1, for |x|<1.16, (A7)

so that y(x) is an approximation to x with an error less than
10% when |x| < 1.16.

Now define a'and g’ as approximations of a and g respec-
tively, according to Eq. (Al):
ed7-1
T

aT = 2871 and g7 = 2 (A8
T e gL = )

ed’ 4+

Fig. A1 The graph of
the function (a) y = x
and (b) its approxima-
tion,

y=2

in a neighbourhood of 0

Then,
s 2 No(eaT‘ 1] 2 NT* NO
a == = = A9
TNy(e?T+1) TNr+ N (A9)
and
-97 _ _
g = 2HRET 1) 2F-FK (A10)

T Foe¥+1) TFr+F

Substituting these approximations of a and g in Eq. (16),
we have

FO_FT
. _ g _ Fy+ Fr _ _ _ N+ N;
G' = FON = No—Ng (N7 =No) = (Fo- Fr) T+ 5
N+ N, (A11)

which coincides with Eq. (4), the expression for grazing
from Model 2.
Now, we can compare the expressions for grazing G’
(Eq. A11) from Model 2 and G for Model 3 (Eq. 16):
G I N/IaNn =22
G a a a g
Then, if aT| < 1.16 and gT < 1.16, according to Eq. (A7),

(A12)

1<£<1.1 and l<i,<1.1,
g a

therefore,

1 G
—_— — 1.1
11°G °

In summary, the linear Model 2 approximates Model 3
with an error of less than 10% for:

In(Fy) - In(Fp) < 1.16 and |In(Np) - In{(N7)| < 1.16,
or,
Fy Ny

F_T < 3.2 and 03 < ﬁo < 3.2 (A13)
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