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Sampling was seasonally performed in the Patos Lagoon estuary (Rio Grande, RS, Southern Brazil) to estimate
zooplankton biomass and production comparing values obtained using an enzymatic (chitobiase) method
and the traditional mathematical models based on growth. Comparison of data obtained from zooplankton
samples collected with 90 and 200-μm mesh nets showed that net selectivity influences the estimation of
zooplankton biomass and production. Furthermore, it showed differential results for dominance of taxa
and proportions of developmental stages in samples. Differences among samples collected at the different
sites in the same season were observed using either the mathematical models or the enzymatic method.
The two different approaches were also able to detect the seasonal variation in production. In a broad view,
data obtained using the chitobiase method showed a similar pattern of zooplankton production compared to
those obtained with the traditional mathematical models based on growth. However, values estimated using
the enzymatic method were systematically higher than those obtained with the mathematical models. Maxi-
mum total production values were estimated as 12.5, 9.2 and 7.9 mg C m−3 day−1 for the “chitobiase method”,
“Huntley model”, and “Hirst model”, respectively. Considering all sampling sites and seasons, the magnitude of
this difference corresponded to 1.95 and 2.49 mg C m−3 day−1 for the “Huntley model” and the “Hirst
model”, respectively. These findings indicate the reliability of the enzymatic method in estimating crustacean
production also in estuarine environments of changing salinity, as previously demonstrated for marine waters.
In addition, the use of this method is more practical and comparatively less time-consuming and cheaper than
the use of the mathematical models based on growth.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Production can be defined as the amount of tissue or biomass gen-
erated in a certain area within a period of time, being expressed as
mg C m−3 day−1 (Rigler and Downing, 1984). Estimations of produc-
tion are generally obtained using the equation P=B×g, where “P” is
production, “B” biomass in the environment, and “g” growth rate
(Huntley and Lopez, 1992; Kimmerer, 1987).

Considering that planktonic animals are the major link between
primary producers and the higher trophic levels (Hopcroft and Roff,
1998), the estimation of the secondary production in aquatic environ-
ments is essential for the study of the energy flux through food
chains. Although zooplankton is composed of animals from several
taxonomic groups, crustaceans are generally dominants. In fact,

copepods often contribute with the major part of the zooplankton
biomass and species diversity in estuaries (Kleppel et al., 1988).

Methods for zooplankton biomass estimation are relatively stan-
dardized and biomass values are reported for different areasworldwide.
However, data are generally obtained from samples collected with nets
of mesh diameter ranging from 64 to 300 μm (Magalhães et al., 2006;
Purcell et al., 1994). It is important to note that net selectivity could
have a significant influence on data generated, since it can differentially
represent the dominant species and/or the proportion of developmen-
tal stages present in the environment. In addition, the methodology
employed to determine the animal growth rate represents the major
problem in the production estimation process.

Research efforts on zooplankton growth rate are focused on cope-
pods in marine environments and on copepods and cladocerans in
freshwater, since these groups are dominants in their environments.
Growth estimation is generally based onweight-specific egg production
(Hirst and McKinnon, 2001), cohort analysis (Kang et al., 2007), and
physiological models (Ikeda et al., 2001). Growth rates are usually
determined based on data from laboratory experiments. Therefore,
they are derived only for a single species or a few species present in
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the environment, since this approach is highly time-consuming. Conse-
quently, a high-resolution estimation of production considering a tem-
poral and spatial frame is quite difficult to perform.

With the goal of developing alternativemethods to facilitate the sec-
ondary production estimation, somemathematical models were devel-
oped to estimate zooplankton growth rate (g) based on data reported
for marine copepods (Hirst and Bunker, 2003; Huntley and Lopez,
1992) and freshwater crustaceans (Stockwell and Johannsson, 1997).
It is important to stress that eachmodel differently considers the degree
of influence of temperature, food deprivation, and size of organisms as
factors affecting growth rate.

Other methods less employed for secondary production estimation
are those based on the relationship between the activities of enzymes
involved in molting, such as chitobiase, and the growth of crustaceans
(Biegala and Bergeron, 1998). Based on previous studies (Espie and
Roff, 1995; Oosterhuis et al., 2000), Sastri and Dower (2006, 2009)
described a method for estimation of secondary production based on
the amount of chitobiase released in the water during the crustacean
molting process. The rationale behind this method is the existence of
a relationship between the driedmass increment observed after growth
from the molting stage “x” to the “x+1” and the enzyme activity in the
water. This method also considers the existence of a balance over time
between the activity generated due to the enzyme released by the
zooplankton population and the natural enzyme degradation in the
field. In fact, tests performed in laboratory with freshwater cladocerans
(Sastri and Roff, 2000) and marine copepods like Temora longicornis
(Oosterhuis et al., 2000), Calanus pacificus,Metridia pacifica and Pseudo-
calanus spp. (Sastri and Dower, 2006) showed the existence of a posi-
tive correlation between the chitobiase activity in the water and the
size and biomass of organisms. This relationshipwas also demonstrated
for decapod and mysid larvae (Sastri and Dower, 2009), indicating that
the chitobiase method can potentially account the overall production
generated by crustaceans in the water column during the growth
period.

Unlike from the environments where the chitobiase method was
already applied for secondary production estimation, i.e., low tempera-
tures and water salinities averaging 31 ppt, the estuarine waters from
the Patos Lagoon (Rio Grande, RS, Southern Brazil) are often subjected
to frequent and wide changes in temperature (15–30 °C) and salinity
(0–30) over an annual basis (Niencheski et al., 1986). Due to the ex-
treme changes in environmental parameters, biota living in the Patos
Lagoon estuary is characterized by a low diversity and the frequent
dominance of species adapted to these changes, with occurrence alter-
nating between marine and freshwater species. A dominance of the
copepod Acartia tonsa has been historically reported to occur during
periods of saltwater intrusion in the Patos Lagoon estuary. However,
the copepod Notodiaptomus incompositus dominates the zooplankton
community during freshwater runoff periods (Montú, 1980).

With this background in mind, the present study was performed
to evaluate the influence of net selectivity on abundance and biomass
of juvenile copepods, as well as the influence of these biotic parameters
on the secondary production estimation. Additionally, the reliability of
the chitobiase method was tested for a complex estuarine environment
(Patos Lagoon estuary) by comparing the secondary production values
estimated using this enzymatic method and those generated using the
mathematical growth models described by Huntley and Lopez (1992)
and Hirst and Bunker (2003) for organisms living in high salinity wa-
ters, and by Stockwell and Johannsson (1997) for freshwater animals.

2. Material and methods

2.1. Estimation of secondary production based on mathematical models

The Patos Lagoon estuary (32° S; 52° W) shows a diversity of habi-
tats, including large shallow areas and a deep canal. Water circulation
in the estuary is driven by wind and salinity changes according to the

intrusion of coastal marine waters and the volume of freshwater dis-
charged into the lagoon towards the Atlantic Ocean (Möller et al.,
2001). Considering this diversity of habitats, five different collection
sites were selected for the present study: ME (Mangueira enclosure),
EM (estuary mouth), WM (west margin of the estuary), NC (navigation
channel), and YC (Yatch Club enclosure) (Fig. 1).

In each season (25 August 2009, 29 October 2009, 13 January 2010
and 06 April 2010), one sample was collected per site for zooplankton
analysis. Sampling was performed by horizontal towing at the surface
water using a bongo plankton net (0.3 m mouth diameter; 90 and
200-μm mesh). A flow meter (Hydro-Bios Kiel, Altenholz, Germany)
was attached to the net mouth for water fluxmeasurements. Immedi-
ately after collection, organisms captured were preserved in 4% formal-
dehyde solution neutralized with sodium tetraborate. These samples
were used for determination of the abundance of larval stages and
biomass of copepods and cladocerans.

In the laboratory, sample aliquots containing at least 300 individuals
were counted, identified under stereoscopic microscope (Olympus BH-
2, Center Valley, Pennsylvania, USA), and classified according to Montú
and Gloeden (1986) and Bradford-Grieve et al. (1999). Calanoid cope-
pods were classified by stages (nauplius, copepodite and adult). Cyclo-
poid copepods and cladocerans were identified at the genus level.

Production of marine copepods was calculated using the instanta-
neous growth method defined by the relationship among production
(P), biomass (B) and growth rate (g) following the formula P=B×g
(Rigler and Downing, 1984). In the present study, “total biomass” of co-
pepods in the sample (B) was determined by the sum of the biomass
obtained for each developmental stage [density of individuals in i
stage (individuals m−3) ×bodymass of the individual i (μg C)]. Growth
rates were estimated using the equations proposed by Huntley and
Lopez (1992) and Hirst and Bunker (2003). For freshwater copepods
and cladocerans, production values were calculated using the model
described by Stockwell and Johannsson (1997) (Table 1). For each
sampling site, production of freshwater organisms was added to that
estimated by the “Huntley and Lopes”model or the “Hirst and Bunker”
model. In the Results section, values are thus referred as “Huntley
model” (estimation using “Huntley and Lopes”+“Stockwell and
Johannsson” models) and “Hirst model” (estimation using “Hirst and
Bunker”+“Stockwell and Johannsson” models).

“Total production” was calculated adding the biomass of each tax-
onomic group. For this purpose, the biomass value adopted corre-
sponded to that originating from the sample showing the higher
relative abundance for the respective taxonomic group, disregarding
the net mesh used for collection. Similarly, the “juvenile production”
was also calculated based on the sum of biomass of the juvenile stages
found in the sample. The biomass value adopted for each stage corre-
sponded to that originating from the sample showing the higher
relative abundance for the respective stage, disregarding the net mesh
used for collection. In both cases, values represented the production
closer to the “ideal” conditions for calculations based on preserved
samples.

For all mathematical models employed, a biomass value for each
sample was obtained considering the more abundant copepod and
cladoceran species present in the respective sample. Biomass values
were obtained through body length measurements and application
of the relationships existing between body length and body mass
for each respective taxonomic group (Table 1).

For the Hirst and Bunker (2003) model, chlorophyll-a values were
obtained from data generated by the “Projeto Lagoa” (“Lagoon Project”)
and kindly provided by the Phytoplankton Laboratory of the University
(Institute of Oceanography, Federal University of Rio Grande — FURG).
In the present study, mean seasonal values of chlorophyll-a were
used. They corresponded to 3.9, 2.6, 2.4 and 1.3 μg L−1 for winter,
spring, summer and autumn, respectively.

For the Stockwell and Johannsson (1997) model, the individual
body mass (M) was obtained from the relationships reported by
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McCauley (1984) based on the mean body length of individuals from
each cladoceran genus identified and counted in the samples collected
in the present study (Table 1). In equations where the biomass is esti-
mated based on dry mass, the correction factor of 0.4 was used to con-
vert dry mass in the amount of carbon (Postel et al., 2000).

2.2. Estimation of secondary production based on the chitobiase
(enzymatic) method

Estimation of secondary production using the enzymatic method
was performed based on the existing relationship between the chito-
biase activity measured in the environment (native chitobiase; CBAnat)
and the rate of enzyme activity decay in the field (Sastri and Dower,

2009). The estimate also considered the existing relationship between
the activity of the enzyme released during the molting process (CBA)
and the increment in biomass from the x stage to the x+1 stage (∆B),
whichwasmeasured in laboratory. Secondary production (P; expressed
inmg C m−3 day−1) was then calculated using the following equation:
P=∆B/Tcba, where ∆B is the biomass increment in the environment
and Tcba the time (days) necessary to generate this biomass.

2.2.1. Relationship between the increment in dry mass (∆B) and enzyme
activity (CBA)

According to previous reports on the zooplankton composition in
the Patos Lagoon estuary, the copepod A. tonsa was identified as

Fig. 1. Location of the five sampling sites in the Patos Lagoon estuary (Rio Grande, RS, Southern Brazil). EM: estuary mouth; ME: Mangueira enclosure; WM: west margin of the
estuary; NC: navigation channel; YC: Yatch Club enclosure.

Table 1
Equations employed to calculate biomass and production of copepods and cladocerans based on zooplankton samples seasonally collected in the Patos Lagoon estuary (Rio Grande,
RS, Southern Brazil).

Equation Reference Definition of equation terms

Freshwater organisms
Biomass B=a.Lb 1 B: biomass (mg dry weight)
Daphnia spp. (a=6.00; b=3.62) a, b: specific alometric coefficients
Diaphanosoma spp. (a=6.95; b=2.07) L: body length (mm)
Bosmina spp. (a=15.10; b=2.53)
Cyclopoida (a=4.18; b=2.64)
Calanoida (a=6.81; b=2.11)
Nauplii (a =1.64; b=0.57)
Production P=10(a.log10M+b).CF.M.N 2 CF: correction factor=1.12 (Sprugel, 1983)

M: mean dry body weight (μg)
N: abundance of stage in the sample
a=−0.23; b=−0.73

Estuarine and marine organisms
Biomass logC=3.319.logTL - 8.519 3 C: carbon (μg)

logC=2.919.logPL - 7.953 3 TL: total length of nauplii (μm)
Growth g=0.0445.e0.111T 4 PL: copepodite/adult prosome length (μm)

log10 g=a[T]+b[log10BW] 5 T: temperature (oC)
+ c[log10 Cl-a]+d BW: body weight

Cl-a: chlorophyll-a
a, b, c, d: coefficients depending on life stage and
spawning strategy (free or sac)

Production P=B.g B: biomass; g: growth rate

1. McCauley (1984); 2. Stockwell and Johannsson (1997); 3. Berggreen et al. (1988); 4. Huntley and Lopez (1992); 5. Hirst and Bunker (2003).
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being the major representative of crustaceans. Therefore, this cope-
pod species was employed for the molting experiments in laboratory.

The enzyme activity from chitobiase released during the molting
process of each A. tonsa copepodite stage was determined after incu-
bation of individuals at the respective life stage in 200 μl of seawater
(salinity 30 ppt). Experimental medium was previously autoclaved
and filtered (polycarbonate filter; 0.2-μm mesh filter) to eliminate
bacteria and other microorganisms that can influence the rate of
enzyme activity decay (Oosterhuis et al., 2000). Every 2 h, copepods
were observed under the microscope to identify the molted ones.
Activity of chitobiase released was measured in water samples
(150 μl) collected from the incubation medium, as described below.
Both copepods and exuviae were preserved (4% formaldehyde solu-
tion neutralized with sodium tetraborate) for further measurement
and calculation of biomass using the relationship between the cepha-
lotorax length and dry mass (Berggreen et al., 1988).

The parameter ∆B was calculated from the difference in the dry
mass between the stages x and x+1. A natural log transformation
was applied to the enzyme activity and ∆B values, which were sub-
jected to regression analysis. The equation ln(CBA)=a ln(∆B)+b
was further employed to determine the secondary production in the
Patos Lagoon estuary by replacing the term CBA by the CBAnat value
for each data point. The ∆B value (μg dry mass) added to the environ-
ment in the respective period of time was then calculated. The period
of time (Tcba) was determined from the rate of enzyme activity decay
in the field (Sastri and Dower, 2009).

2.2.2. Estimation of secondary production in the field based on the
chitobiase activity

Secondary production in the Patos Lagoon estuary was estimated
based on the chitobiase method for the five sampling sites described
above. In each sampling site, 300 mL of surface water was collected,
filtered (30-μm mesh filter) to remove crustaceans, and stored in glass
vials. Aliquots of these samples were filtered (0.02-μm mesh sterile
filter) and frozen in glass vials. These water aliquots were labeled as
“Native Chitobiase” (CBAnat). The remaining sample was employed for
determination of the rate of enzyme activity decay over time.

The enzyme activity decay assay was performed using a concen-
trated solution of chitobiase obtained after homogenization of 50
individuals of the dominating species in the respective sampling
site. Homogenates were centrifuged (5 min; 10,000 ×g) and the super-
natant obtained was filtered (0.2-μmmesh filter). The concentrated so-
lution containing the enzymewas added to thewater samples collected
at the five sampling sites in the Patos Lagoon estuary. Reaction flasks
were kept at the same temperature as the ambient water. Aliquots of
the reaction medium were then collected over the 24 h of the
test. These aliquots were filtered and frozen as described above for the
CBAnat samples. Enzyme activity values were log transformed and a re-
gression line between enzyme activity and reaction time was built. The
regression slope value (k) corresponded to the enzyme activity decay.
Therefore, −1/k was applied to determine the time (h) to generate
∆B (i.e., Tcba). The Tcba value derived was divided by 24 h to express
data in days.

2.2.3. Chitobiase assay
Chitobiase activity was measured following the method described

by Oosterhuis et al. (2000) and Sastri and Dower (2006) with some
modifications (Avila et al., 2011). Briefly, the substrate methylumbel-
liferyl N-acetyl-ß-D-glucosaminide (MUFNAG, Sigma, St. Louis, MO,
USA) was used for the enzyme assay. A stock solution (9 mM MUF-
NAG) was prepared dissolving MUFNAG in dimethylsulfoxide. For
enzyme assays, the stock solution was diluted to give a final concentra-
tion of 250 μM MUFNAG. Assay tubes were filled with water samples
(486 μl) and diluteMUFNAG (14 μl). Controls were also run using auto-
claved and filtered (polycarbonate filter; 0.2-μm mesh filter) seawater

(30 ppt) without addition of the enzyme source and/or the substrate
(MUFNAG).

Chitobiase reaction with the substrate (MUFNAG) released the
fluorescent methylumbelliferone (MUF). The enzymatic reaction was
performed in 5-mL assay tubes and aliquots of the reaction medium
were transferred to a 96-wells microplate for fluorescence readings
(excitation: 360 nm; emission: 450 nm) using a spectrofluorometer
(Hitachi F-2000; Tokyo, Japan). Fluorescence readings were performed
every 5 min up to 60 min at 25 °C. Increment in fluorescence over time
corresponded to the free chitobiase activity in the water and was
expressed as the amount of MUF produced per hour (nmol MUF
L−1 h−1). Data were calculated based on a calibration curve built
with different concentrations of 4-methylumbelliferone (Sigma, St.
Louis,MO, USA). Aswater salinity influences thefluorescence generated
by MUF and chitobiase activity, results were corrected as described by
Avila et al. (2011).

2.3. Comparison among methods of secondary production estimation

Comparison among the mean total production values estimated
using the mathematical models based on growth and the enzymatic
(chitobiase) method was performed through regression analyses
using the software Statistica version 6.0 (Statsoft, USA).

3. Results

Depth of sampling sites used in the present study ranged from 4 to
12 m. Water temperature and salinity did not change significantly
among sites within the same season, but showed significant seasonal
variations. Minimum and maximum temperatures observed were 16
and 25 °C, respectively. Minimum and maximum salinity were
0 and 4 ppt, respectively. The lower water pH was found in the winter
(pH 6.5). The mean pH in the other seasons was 7.6 (Table 2).

3.1. Zooplankton biomass

Biomass for each taxonomic group studied showed significant
changes among seasons and sampling sites within the same season.
The copepod A. tonsa represented virtually 100% of the zooplankton
biomass in thewinter. However, it wasnot found in spring and summer,
being replaced by the copepodN. incompositus and cladocerans. Cladoc-
erans and Cyclopoida copepods were identified at the genus level.
However, they were grouped for analyses of biomass and production.

Inwinter, A. tonsa showed the highest biomass (24.57 mg C m−3) at
theWM sitewhen the 200-μmmesh net was used. Theminimum value
corresponded to 1.3 mg C m−3 at the NC site using the 90-μm mesh
net. In autumn, the maximum biomass was also found for A. tonsa
(0.92 mg C m−3), but at the ME site using the 90-μm mesh net. In
spring, the copepodN. incompositus and cladocerans showed the highest
biomass values (12.04 and 10.02 mg C m−3, respectively). Although
these organisms showed the higher biomass in the summer, maximum
values were only 2.03 and 1.38 mg C m−3 (Table 3).

Table 2
Characteristics of the five sampling sites (SS) at the Patos Lagoon estuary (Rio Grande,
RS, Southern Brazil) in different seasons (WI: winter; SP: spring; SU: summer; AU:
autumn). ME: Mangueira enclosure; EM: estuary mouth; WM: west margin of the
estuary; NC: navigation channel; YC: Yatch Club enclosure.

SS Depth
(m)

Temperature (°C) Salinity (ppt) pH

WI SP SU AU WI SP SU AU WI SP SU AU

ME 5 16 21 26 25 4 0 0 4 6.4 7.6 7.2 7.8
EM 12 16 21 26 25 4 0 0 4 6.5 7.6 7.6 7.7
WM 7 16 21 26 25 4 0 0 4 6.3 7.5 7.4 7.8
NC 12 16 21 26 25 4 0 0 4 6.5 7.4 7.6 7.6
YC 4 16 21 26 25 4 0 0 4 6.5 7.4 7.3 7.6
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During the whole period of study, the highest biomass values were
found in winter (25.29 mg C m−3) and spring (24.98 mg C m−3)
with annual mean values of 13.64 and 9.7 mg C m−3, respectively.
The lowest value was observed in autumn (0.07 mg C m−3) with a
mean annual value of 0.5 mg C m−3.

3.2. Net selectivity

The different selectivity of nets (90 and 200-μm mesh nets)
employed in the present study reflected in different values of biomass
calculated for samples from the same site of collection. For example,
biomass values for A. tonsa collected in winter at the ME site corre-
sponded to 3.58 and 17.08 mg C m−3 for the 90- and 200-μm mesh
nets, respectively. Biomass values for cladocerans collected in spring
at the YC site corresponded to 7.23 and 2.85 mg C m−3 for the 90-
and 200-μm mesh nets, respectively (Table 3). For all taxa analyzed,
net selectivity influenced the estimation of biomass, with higher
mean values for the 200-μm mesh net in three seasons (Table 4).

Net selectivity also influenced the copepodite and nauplius densi-
ty results. Depending on the developmental stage of copepodite, they
were more captured by one or another net. However, as expected,
nauplii showed higher density in all samples collected with the 90-
μm mesh net than in those collected with the 200-μm mesh net. In
some sites where nauplii were not found in samples collected
with the 200-μm mesh net, density reached values as high as 2343
individuals m−3 (Table 5).

3.3. Chitobiase activity

For the copepod A. tonsa, the relationship between the biomass
increment from the stage x to the stage x+1 (∆B) and the activity of
the enzyme released during themolting process (CBA)was represented
by the equation ln(∆B)=0.8876+0.5847× ln(CBA) (r2=0.98;
pb0.05; n=47 molted copepods) (Fig. 2).

Fig. 3 shows the transformed [ln(x)] data of chitobiase activity over
time for each collection site in spring. The Tcba values were calculated
from the regression slope (k) for each collection site. The same proce-
dure was adopted for all samples collected for the determination of
the secondary production using the enzymatic method.

3.4. Zooplankton production for the different estimation methods

Differences among samples collected at the different sampling
sites in the same season were observed using either the mathematical
models or the enzymatic method. The two different approaches were
also able to detect the seasonal variation in production (Fig. 4).

Regarding the mathematical models, values estimated by the
“Huntley model” were generally higher than those estimated by the
“Hirst model” for both “total production” (adults+juveniles) and
“juvenile production”. Mean production followed the same pattern

Table 3
Biomass of each taxon and total biomass of zooplankton for each sampling site (SS) in each season (WI: winter; SP: spring; SU: summer; AU: autumn). Values were calculated from
results obtained for samples collected with 200- and 90-μ mesh nets (MN) and are expressed in mg C m−3. Zero (0.00) corresponded to biomass values higher than 0 and lower
than 0.003 mg C m−3. EM: estuary mouth; ME: Mangueira enclosure; NC: navigation channel; WM: west margin of the estuary; YC: Yatch Club enclosure.

SS EM ME NC WM YC

MN 200 90 200 90 200 90 200 90 200 90

WI A. tonsa 9.24 8.07 17.08 3.58 3.54 1.39 24.57 10.24 11.93 4.18
N. incompositus 0.04 0.31 0.21 – – – 0.59 0.18 0.59 0.41
Cladocera 0.01 0.03 0.02 – 0.18 0.04 0.11 0.07 – –

Cyclopoida 0.01 0.06 0.02 0.02 0.02 0.02 0.02 0.04 0.01 0.03
Total 9.30 8.47 17.33 3.60 3.74 1.45 25.29 10.53 12.53 4.62

SP A. tonsa – – – – – – – – – –

N. incompositus 12.04 1.98 11.18 1.20 0.29 0.30 0.47 0.75 1.16 1.80
Cladocera 5.39 0.29 10.02 1.78 0.03 0.01 – – 2.85 7.23
Cyclopoida 0.95 0.70 3.80 1.79 0.01 – 0.03 0.08 0.29 1.49
Total 18.38 2.97 25.00 4.77 0.33 0.31 0.50 0.83 4.30 10.52

SU A. tonsa – – – – – – – – – –

N. incompositus 0.12 0.77 0.93 1.57 0.07 0.00 0.16 0.85 1.33 2.03
Cladocera 0.22 0.81 0.51 1.26 0.92 0.08 0.41 0.82 0.71 1.38
Cyclopoida 0.02 0.18 0.07 0.16 0.03 0.00 – 0.04 – 0.30
Total 0.36 1.76 1.51 2.99 1.02 0.08 0.57 1.71 2.04 3.71

AU A. tonsa 0.64 0.77 0.59 0.92 0.23 0.25 0.07 0.08 0.20 0.02
N. incompositus 0.02 0.10 0.13 0.03 0.08 0.13 0.03 0.03 0.04 0.04
Cladocera 0.03 0.03 0.04 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Cyclopoida 0.00 0.01 0.02 0.01 0.04 0.07 0.01 0.00 0.04 0.01
Total 0.69 0.91 0.78 0.97 0.36 0.46 0.12 0.12 0.30 0.07

Table 4
Mean biomass for each season calculated based on results from samples collected with
nets of different mesh size (200 and 90 μm) and mean production calculated using the
“Huntley model”, the “Hirst model” and the “chitobiase method” for the zooplankton of
the Patos Lagoon estuary (Rio Grande, RS, Southern Brazil).

Mean
biomass
(mg C m−3)

Mean production (mg C m−3 day−1)

Huntley
model

Hirst model Chitobiase

Net mesh (μm) 200 90 200 90 200 90
Winter 13.64 5.73 4.35 1.80 3.84 2.45 5.55
Spring 9.70 3.88 3.51 1.20 2.07 0.85 7.08
Summer 1.10 2.05 0.56 1.12 0.22 0.52 3.87
Autumn 0.44 0.50 0.30 0.35 0.05 0.18 2.35

Table 5
Mean density (individuals m−3) of individuals at different developmental stages (C:
copepodites; N: nauplii) for each sampling site (SS) and season (WI: winter; SP:
spring; SU: summer; AU: autumn) collected with nets of different mesh size (NM:
200 and 90 μm) in the Patos Lagoon estuary (Rio Grande, RS, Southern Brazil). EM:
estuary mouth; ME: Mangueira enclosure; NC: navigation channel; WM: west margin
of the estuary; YC: Yatch Club enclosure.

SS EM ME NC WM YC

NM 200 90 200 90 200 90 200 90 200 90

WI C 2368 1076 13,977 13,453 3296 2878 3939 4020 4054 1005
N 0 4305 932 6115 0 1245 0 3544 0 905

SP C 7616 1349 7333 287 210 208 381 1080 105 324
N 55 372 333 2156 6 375 0 170 2874 180

SU C 128 516 387 1036 158 213 86 593 874 1143
N 0 1793 0 1461 0 1340 0 2343 0 1543

AU C 52 212 377 201 141 294 0 76 0 63
N 69 3434 152 3289 0 1324 81 3652 27 3043
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showed by biomass, the higher values being estimated from data
collected with the 200-μm mesh net in winter and spring. The
higher value of mean production was observed in winter
(4.35 mg C m−3 day−1) and decreasing in the other seasons, disre-
garding the mathematical model employed or the net mesh used
for zooplankton collection. The lower value of mean production
(0.05 mg C m−3 day−1) was observed in autumn (Table 4).

Considering the production data estimated based on the analyses of
zooplankton collected at each estuarine sampling site and using math-
ematical models, the higher total production calculated using the
“Huntley model” was observed at the ME site (9.2 mg C m−3 day−1)
in spring. For the “Hirst model”, the higher total production was also
found at the ME site, but in winter (7.9 mg C m−3 day−1). Using the
enzymatic method, high values of total production were also observed
at the ME site in spring (11.0 mg C m−3 day−1) and winter
(12.5 mg C m−3 day−1). In turn, the lower total production values
were estimated in autumn at all sampling sites, being below
1 mg C m−3 day−1 for both the “Huntley” and “Hirst” models and
approximately 2 mg C m−3 day−1 for the chitobiase method (Fig. 4).

Net mesh, mathematical model, and estimation method (mathe-
matical model or enzymatic method) employed were shown to

influence the results obtained for the zooplankton production estima-
tions. Differences among mean values estimated for the two nets
using the same model were higher than those found using the differ-
ent mathematical models for the same net, as well as those obtained
using the chitobiase method in winter. In this case, mean production
estimated using the “Huntley model” was 2.55 mg C m−3 day−1

higher for samples collected with the 200-μm mesh net than for
those collected with the 90-μm mesh net, while the differences
between values estimated using the “Huntley model” and the chito-
biase method and between the “Huntley model” and the “Hirst
model” were only 1.12 and 1.34 mg C m−3 day−1, respectively. In the
other seasons, the main factor responsible for the differences observed
in production values was the method employed for estimation. In this
case, the higher difference (4.75 mg C m−3 day−1) was found for
winter samples when production values were estimated using the
“Hirst model” and the chitobiase method (Table 4).

Taking all sampling sites and seasons together, the slope of the
regression between the mean production values estimated based on
the “Huntley model” and the chitobiase method was not different
from 1 (b=1.12±0.16; n=20; R2=0.73; pb0.001). A similar result
was found for the regression analysis between data obtained for the
“Hirst model” and the chitobiase method (b=1.21±0.26; n=20;
R2=0.55; pb0.001). In all cases, production values estimated based
on the enzymatic method were systematically higher than those gen-
erated by the mathematical models. The magnitude of this difference
corresponded to 1.95±0.58 and 2.494±0.73 mg C m−3 day−1 for
the “Huntley model” and the “Hirst model”, respectively. These values
were derived from the intercept of the regression curves referred
above.

4. Discussion

In the present study, zooplankton analysis in the Patos Lagoon
estuary was performed based on only one collection per sampling
site at each season. Despite that, water temperature data obtained
during the sampling procedure was similar to the mean values repre-
sentative of each season (Niencheski et al., 1986). Regarding water
salinity, low mean values can be frequently observed in the estuarine
waters from Patos Lagoon. However, the extremely low mean values
found in all seasons in the present study would result from the influ-
ence of the Southern Oscillation phenomenon occurring in the South
Pacific (El Niño) during the present study. In fact, this phenomenon
causes an increase in the pluviometric index in the whole drainage
basin of the Patos Lagoon increasing the freshwater flow through
the estuarine area (Fernandes et al., 2002).

The long periods of low water salinity (0–4 ppt) and the volume of
freshwater discharged through the estuary mouth prevented the intru-
sion of coastal marine waters into the estuarine area, influencing the
zooplankton composition. The expected presence of the copepod
A. tonsa year round did not occur, with organisms appearing only in
the winter and autumn when water of salinity 4 ppt was an indicative
of some intrusion of coastal waters into the estuary. With the occur-
rence of waters of low salinity during spring and summer, the freshwa-
ter copepod N. incompositus replaced the marine copepod A. tonsa and
the proportion of freshwater cladocerans and cyclopoid copepods
increased with respect to that observed in the winter sampling. It is
recognized that only one day of collection per season in five sampling
sites at the estuarine area would not be enough to determine the
pattern of zooplankton composition, biomass and production for each
season. However, differences observed among sampling sites and
seasons represented the variations existing among habitats, making
the conditions ideal to evaluate the effectiveness of the methods
employed for secondary production estimations.

Although the Patos Lagoon is one of the major coastal water bodies
in the whole of South America, the present paper is the first to report
data of zooplankton biomass in this estuary. All taxonomic groups

Fig. 2. Relationship between the natural logarithm of the increment in dry weight from
the stage x to the stage x+1 (ln ΔB) and the activity (nmol MUF L−1 h−1) of chitobiase
(CBA) released during the molting process of Acartia tonsa copepodites (CI-CVI).

Fig. 3. Decay in chitobiase activity over time for each sampling site of the Patos Lagoon es-
tuary (Rio Grande, RS, Southern Brazil) in spring.● EM: estuarymouth;○ME:Mangueira
enclosure;▼NC: navigation channel;ΔWM:westmargin of the estuary;■YC: YatchClub
enclosure.
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present in samples were identified and quantified. However, calcula-
tions were based only on crustaceans. In fact, results showed no sub-
stantial abundance of other animal groups, as previously reported for
other environments with similar characteristics (Lobo and Leighton,
1986). Therefore, values obtained in the present study are representa-
tive of the zooplankton total biomass.

With the frequent occurrence of waters of low salinity, a decrease in
the total biomass was observed, as in the Tamar estuary (Tasmania)
when the peak of biomass (20.5 mg C m−3) occurred inwaters of inter-
mediary salinities and the lower values were found in waters of lower
salinities (Lopez and Neira, 2008). Also, an extremely low abundance
of organisms was reported in Pensacola Bay when rain events were
frequent, causing large discharge of freshwater from rivers into the
bay (Murrel and Lores, 2004). The higher values of biomass found in
winter (25.29 mg C m−3) and spring (25.00 mg C m−3) in the Patos
Lagos estuary are similar to the maximum values reported for the
Tasmanian (Tamar estuary; 20.5 mg C m−3) and SouthAfrican (Kariega
estuary; 23.72 mg C m−3) estuaries (Froneman, 2001). However,
biomass values are lower than those reported for the North American
estuaries in Pensacola Bay (34.1 mg C m−3) (Murrel and Lores, 2004)
and Chesapeake Bay (32.4 mg C m−3) (Park and Marshall, 2000).

Differences in biomass observed among sampling sites on the
same day of collection could be explained by considering the dynamic
of water circulation in the estuarine area. Circulation causes a higher
concentration of organisms in some sectors of the estuary and defines
part of the zooplankton composition, as previously discussed by
Montú (1980). In turn, differences observed when biomass values
were calculated for each taxonomic group using data from samples
collected with nets of different mesh are indicative of a significant
influence of net selectivity on the results obtained. The different
proportions of sizes collected with higher efficiency by each one of
the nets employed (90- and 200-μ mesh nets) was reflected in differ-
ent values of final biomass. In winter, the final biomass of A. tonsawas
estimated as more than 2-fold higher for samples collected with the
200-μm mesh net than with those collected with the 90-μm mesh
net. The different selectivity of nets was also evident when we consider
the proportion of nauplii and copepodites collected using one or
another net. Higher values were obtained with the 90-μm mesh
net, as previously reported for a comparison between the 64- and
200-μm mesh nets (Favareto et al., 2009). These findings indicate

the need for usingmore than one type of net (mesh size) during sam-
pling in order to better evaluate the composition of stages and biomass
of zooplankton organisms. Since production data resulting from the
application of mathematical models are dependent on the biomass
values calculated for field samples, changes in these values directly
affect the final data of production for both marine copepods and fresh-
water organisms.

Regarding the enzymatic (chitobiase) method, the relationship
between ΔB values and activity of chitobiase released in the water
during the molting process (CBA) found for the copepod A. tonsa in
the present study showed a similar pattern reported for the Copepoda,
Mysidacea and Decapoda evaluated by Sastri and Dower (2009). It is
also important to note that the relationship between body length and
CBA found for A. tonsa in the present study is similar to those reported
for the copepod T. longicornis (Oosterhuis et al., 2000) and Cladocera
(Espie and Roff, 1995; Sastri and Roff, 2000). These findings indicate
that the terms of the equation used to estimate secondary production
in the present study (P=ΔB/Tcba) would be valid and reliable.

The methodology employed to estimate the rate of enzyme activity
decay over time in the field, and therefore to calculate the Tcba values,
was also effective. Results obtained showed an enzyme activity behav-
ior similar to that described by Oosterhuis et al. (2000) and Sastri and
Dower (2006, 2009). As only Sastri and Dower (2009) applied the
chitobiase method to estimate secondary production in the field, esti-
mations for the Patos Lagoon estuary made in the present study strictly
followed the protocol described by these authors. However, the Patos
Lagoon estuary shows frequent changes in water salinity, as opposed
to the environments previously evaluated. As the chitobiase activity is
dependent on water salinity, correction factors were calculated consid-
ering the influence of this water parameter on enzyme activity and final
data were corrected using experimentally derived factors (Avila et al.,
2011), as described above in the Material and methods section. Never-
theless, the enzymatic (chitobiase) method showed to be efficient in
estimate crustacean production in the water column, thus its applica-
tion being indicated for estimation of secondary production also in estu-
arine waters.

The maximum values of total secondary production calculated in
the present study were 12.5, 9.2 and 7.9 mg C m−3 day−1 for the
chitobiase method, “Huntley model” and “Hirst model”, respectively.
These values are comparable to those estimated by Miyashita et al.

Fig. 4. Total and juvenile secondary production (mg C m−3 day−1) calculated using the “Huntleymodel” (open bars: total production; diagonally hatched bars: juvenile production), the
“Hirst model” (diagonally inverted hatched bars: total production; double hatched bars: juvenile production) and the “chitobiasemethod” (horizontally hatched bars) for each sampling
site of the Patos Lagoon estuary (Rio Grande, RS, Southern Brazil) in each season.
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(2009) for the Santos estuarine system (Santos, SP, Southeastern
Brazil) with maximum values of 5.4 and 14.3 mg C m−3 day−1

using the models described by Hirst and Lampitt (1998) and by
Huntley and Lopez (1992), respectively. As observed in the present
study, the minimum values reported by Miyashita et al. (2009)
were also lower than 1 mg C m−3 day−1. Also, minimum and maxi-
mum values of 3 and 8 mg C m−3 day−1 for copepod production
and of 2.90 and 12.40 mg C m−3 day−1 for total production were
reported for the Skagerrak Strait (Peterson et al., 1991) and the Ria
de Aveiro estuary (Leandro et al., 2007), respectively. Therefore,
results of production found for the Patos Lagoon estuary in the
present study are within the range of values reported for the other
estuaries mentioned above. However, it is important to note that
results reported in the present study were obtained during the occur-
rence of the El Niño phenomenon, when a significant increase in the
flow of freshwater is observed through the estuarine area. Therefore,
it is expected that different production values can be found in years
when the El Niño phenomenon is not present.

As observed in the present study, differences in the estimation of
secondary production values using different methods were also previ-
ously reported in the literature. For example, Miyashita et al. (2009)
estimated significantly higher production values using the model
described by Huntley and Lopez (1992) than when using the model
described by Hirst and Lampitt (1998). Leandro et al. (2007) also
reported 22% higher values using the model described by Huntley and
Lopez (1992) than when using the model described by Hirst and
Bunker (2003). Therefore, differences among the estimation capacity
of the mathematical models and the enzymatic method would be also
expected. In the present study, the generally higher production values
estimated using the chitobiase method could be explained considering
different aspects. It is clear that net selectivity directly influences the
production values estimated by the mathematical models, as a conse-
quence of the net selectivity effect on the biomass estimation. A “loss
of biomass” could have occurred if larger organisms escaped from the
net or the smaller ones passed through the mesh net. In both cases,
biomass values estimated from collected samples would be underesti-
mated. In the other hand, the enzymatic method considers all the chit-
obiase present in the water sample. Therefore, it is possible that some
copepods that would have contributed to the total chitobiase measured
in the water sample had died or been eaten by predators after having
released the enzyme. Furthermore, other sources of chitobiase such as
benthic crustaceans could be also contributing for the total enzyme
measured in the water column. In these cases, the chitobiase method
would be overestimating the production values.

It is also important to stress the current lack of a completely
accepted method for secondary production estimation. This is a conse-
quence of the variety of factors affecting this analysis, with difficulty to
precisely determine the efficiency of eachmethod employed. Therefore,
it is not possible to ascertain if one value of production estimated by one
of the methods employed in the present study is more reliable than
another value estimated using a different method (mathematical
model or enzymatic method). However, it is important to consider
that the mathematical models were employed in the present study as
reliable tools to estimate secondary production in the Patos Lagoon
estuary, since these models consider ecologically relevant parameters
such as biomass and growth rate, which have been longer studied. In
this context, they were also employed in the present study to evaluate
the capacity of the enzymatic (chitobiase) method in order to estimate
the expected values found based on the mathematical models.
According to the results reported in the present study, we can con-
clude that the application of the enzymatic method is not limited
to marine waters (Sastri and Dower, 2009), but can now be extended
to estimate secondary production in estuarine areas where the zoo-
plankton community is dominated by crustaceans. As the present
study is only the second report on the application of the chitobiase
method to estimate secondary production in the field, and the first

in estuarine areas, it is suggested that more studies should be per-
formed in both estuarine andmarine waters to confirm the reliability
of the chitobiase method in estimating the secondary production
under changing environmental conditions. It is important to stress
that the use of enzymatic method is more practical, less time-
consuming and cheaper than the use of the traditional mathematical
models based on growth to estimate crustacean production.
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