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ABSTRACT: Calanus chilensis and Centropages brachiatus are 2 of the most abundant species of cope- 
pods (Crustacea) off the Chilean coast. However, knowledge of their life cycle and distribution is 
fragmentary. We have analysed the distnbution of both species in Chilean coastal waters by means of 
a Geographic Information System (ARC/INFO). We studied vertically integrated (0 to 100 m) zoo- 
plankton samples and ancdlary physical oceanographic data collected during 1989 by the Instituto de 
Fomento Pesquero, Chlle. Point estimates of abundance and physical data were transformed to a grid 
format in ARCANFO. We show that both species are abundant within 10 km from shore, and that high 
abundances further offshore may be interpreted as the result of advection. We also show that both 
species remain year-round in the upper water column with no evidence of seasonal vertical nugration. 
We then discuss potential Me cycle mechanisms that might explain their dominance in the coastal area 
of the Humboldt Current ecosystem. 
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INTRODUCTION 

Copepoda (Crustacea) comprise the most abundant 
taxa of the marine zooplankton (Omon & Ikeda 1984). 
They are particularly important in marine ecosystems 
dominated by large zooplankton species, e.g. Calanus- 
dominated systems (Runge 1988). There they act as an 
efficient and direct path for energy transfer to higher 
trophic levels (Bond 1994, Williams et al. 1994). 

Calanus chilensis and Centropages brachiatus (Cope- 
poda) are among the most important contributors to the 
secondary production of the Humboldt Current ecosys- 
tem (Heinrich 1971, Boyd & Smith 1980, Pepe et al. 1989, 
Sherman 1995), eastern South Pacific. This marine 
ecosystem is one of the world's most productive fish- 
producing upwelling regions (Alheit & Bernal 1993, 
Sherman 1994). C. chilensis appears to be an endemic 
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species (Marin et  al. 1994), whereas C. brachiatus is a 
coastal species widely distributed in the Southern Herni- 
sphere (Bradford 1979). There is little information 
regarding the spatial and temporal dstribution, life cycle 
and population strategies of these 2 species in the Hum- 
boldt Current ecosystem (Gonzalez 1993). Lack of zoo- 
plankton sampling programs in some areas of the world's 
oceans, such as the eastern South Pacific, has led global 
change programs such as GLOBEC (Global Ocean Eco- 
system Dynamics), IOC (The Intergovermental Oceano- 
graphic Commission of UNESCO), and SCOR (The 
Scientifc Committee for Oceanic Research) to imple- 
ment plans for the use of plankton collections. An 
example of the use of such collections in the study of the 
life cycle of copepods can be found in Marin (1986). In 
this paper, we report the results of the analysis of the 
spatial and seasonal distribution of C. chilensis and C. 
brachiatus off the northern Chilean coast in relation to 
the hydrography, using a Geographic Information Sys- 
tem (GIS) approach. For this purpose, we have used part 
of the zooplankton sample collection of the Instituto de  
Fomento Pesquero (IFOP), Chile. This collection repre- 
sents a highly valuable dataset for the study of large- 
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scale biological features of the Humboldt Current 
ecosystem. 

METHODS 

Sampling. Integrated zooplankton samples (0 to 
100 m) were collected by IFOP using a Nansen net 
(1.0 m diameter, 200 pm mesh) during 1989 in 4 cruises 
off the northern Chilean coast (Fig. 1). All cruises 
covered the study area with similar station coverage. 
Cruise 1 sampled the area between March 20 and 
April 10, Cruise 2 between May 5 and May 26, Cruise 
3 between July 15 and August 1 and Cruise 4 between 
August 21 and September 11. A total of 140 samples, 
fixed in 5 % formaldehyde, were analysed in this study. 
Males, females and copepodites stage V, were counted 
using either the whole sample or a fraction of it. The 
Folsom splitter was used for subsampling (McEwen 
et al. 1954). For the purposes of this paper, we have 
concentrated our analysis in the adult portion of the 
populations. Seasonality in the reproduction of both 
species was studied using the male/female ratio 
(Mullin & Evans 1976, Mann 1986). 

Temperature and salinity at depth (depths = 0, 10, 
25, 50, 75, 100 m) were available from the IFOP data- 
base for 3 of the 4 studied cruises (Cruises 2, 3 and 4 ) .  

* Mejillones del Sur Bay 

a ) o Cruise 3 
o Cruises 2 and 4 

Cruise 1 
N Coastline 

Fig. 1. Geographic location of the study area and spatial dis- 
tribution of the oceanographic stations along the Chilean 

coast (eastern South Pacific Ocean) 

Temperature was measured with reversing thermo- 
meters while salinity was measured using an AUTO- 
LAB 601TM inductive salinometer. Using this database, 
and the characteristics of the water masses present in 
the area (Silva 1983), we calculated their proportion in 
the top 100 m for each station from T-S diagrams (Gon- 
zalez 1993). Three water masses can be identified in 
the upper 100 m of the water column in the study area: 
Subtropical Surface Water (SSW), Subantarctic Water 
(SAW) and Equatorial Subsurface Water (ESW). The 
last of these was seldom present in the area (Gonzalez 
1993). Thus, we analysed the hydrography in terms of 
2 water masses: SSW and SAW. The SSW is charac- 
terised by a temperature between 17 and 20°C and by 
salinity higher than 35 PSU. The SAW has a tempera- 
ture between 10 and 18°C and a salinity between 33.9 
and 34.7 PSU. We used the thermosteric anomaly lim- 
its for each water mass (Silva & Sievers 1974) to define 
their vertical extent, in meters, and then transformed 
those to the percentage of the 0 to 100 m water column 
occupied by each. 

Spatial analysis. We used a GIS, ARC/INFO version 
7.0.3 for UNIX, for the display and analysis of spatial 
information (ESRI 1994a). We analysed our data using 
a raster or grid model (Bosque-Sendra 1992). Raster 
models define the geographic space in a simple and 
uniform fashion, i.e. cells of same size, and they have 
great analytical power (ESRI 1994b, Eastman 1995). 
We provide a brief account of the analytical steps 
taken in the generation of our grids. 

DbaseTM files containing physical and biological 
attributes collected at each oceanographic station were 
converted to INFO files (the database management 
part of ARC/INFO). Point coverages for each cruise 
were then generated from those files (Fig. 1). Subse- 
quently, we generated grids through surface interpola- 
tion methods, and analysed them using ARC/INFO1s 
GRID module. Oceanographic stations in each cruise 
covered an area on the order of 59 000 km2, with 7 tran- 
sects 80 km from each other and separation between 
stations ranging from 4.5 km near the coast to 33 km 
offshore (Fig. 1). Thus, we generated grids with a dis- 
tance of 10 km between mesh points using 2 surface 
interpolation techniques: kriging (Rossi et al. 1992) and 
spatial weighted moving average or IDW (Jongman et 
al. 1995). Kriging is an optimum interpolation method 
based on the estimation of an experimental semivari- 
ogram. The sernivariogram describes the changes of 
the semivariance (one-half of the variance) as a func- 
tion of the distance between points. The experimental 
semivariogram is estimated by fitting the calculated 
semivariances to a set of theoretical semivariograms or 
models (see Table 2). IDW, on the other hand, is a sur- 
face interpolation method that assumes that each point 
has a local influence that dminishes with distance and 
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it does not require fitting to a theoretical semivari- 
ogram (Jongman et al. 1995). We used the kriging 
method for the analysis of the distribution of water 
masses. However, when attempting to use it for cope- 
pod distribution, we failed to fit any theoretical semi- 
variogram, a requirement of the kriging technique 
(Jongman et al. 1995). We therefore used the IDW 
interpolator to generate the copepod grids. 

Aside from generating abundance grids for both spe- 
cies using the GIS, we analysed their distribution using 
classical linear statistical analysis (Sokal & Rohlf 1981). 
We tested, using a 2-way ANOVA with interaction, for 
differences in abundance between cruises, i.e. season- 
ality and distance from shore. We checked for homo- 
geneity of variance and, as a result, we used log(x+l) 
transformed data. Correlation among variables was 
studied in 2 ways: first, we used linear statistics and 
calculated Pearson's r from the original point estimates 
(Sokal & Rohlf 1981); second, we calculated the spatial 
cross-correlation index from the resulting grids (Good- 
child 1986, ESRI 1994a). This index measures the simi- 
larity between 2 grids. Its calculation is performed as 
follows: let n be the total number of cells in a grid (i.e. 
number of rows X number of columns, since grids 
mathematically are matrices), i any cell of the first grid, 
j any cell of the second grid, z, the value of cell i, z, the 
value of cell j and c,, the similarity of i's and j's attrib- 
utes given by: (z, - 2,). (zj -zm), where zm is the average 
value. Then, the cross-correlation index, c, is calcu- 
lated using the following formula (Goodchild 1986): 

c = ~1 cu/{sqrt[i (ri - z. P sqrt ~ ( z ,  - z,,, 
k 1- L 21j 

where sqrt = square root and k = i or j = 1 

RESULTS 

Water masses in the studied area 

El Nifio events (i.e. the warm phase of the El Nifio 
Southern Oscillation, ENSO) have profound effects on 
the dynamics of the Humboldt Current ecosystem 
(Shermann 1995). Therefore, the analysis of ecological 
data in this region should make specific reference to 
whether samples were taken during a warm or a cold 
phase of the ENSO. According to the information 
available (Rutllant et al. 1992) 1989 corresponded to a 
cold phase of the ENSO in the Humboldt Current 
ecosystem. 

The SAW occupied, on average, more than 80% of 
the water column and dominated the study area 
(Table 1). During Cruise 2, May (Fig. 2A), the largest 
percentage of the SAW occurred close to shore in 
sectors that have been characterised as coastal up- 

Table 1. Average water mass composition for Cruises 2, 3 and 
4 in the 0 to 100 m water column. SAW = Subantarctic Water, 
SSW = Subtropical Surface Water, ESW = Equatorial Subsur- 
face Water. Data correspond to the mean (standard deviation) 

percentage of each water mass in the study area 

Water mass Cruise 2 Cruise 3 Cruise 4 
(n = 33) (n = 15) (n = 35) 

SAW 83.3 (17.3) 88.0 (12.0) 80.5 (17.6) 
SSW 13.6 (15.7) 12.0 (11.1) 9.9 (10.5) 
ESW 2.8 (7.5) 0 9.0 (15.0) 

welling areas (Fonseca & Farias 1987). This same 
trend, i.e. dominance of SAW close to shore, was ob- 
served at some locations during Cruise 3, July-August 
(Fig. 2B), which corresponds to the austral winter. 
However, the SSW largely dominated the area during 
Cruise 3; that is, lower percentages of SAW (red in 
Fig. 2B) occurred. The presence of warm subtropical 
water has been previously recorded in this same area 
of the Chilean coast (Brandhorst & Canon 1967). Dur- 
ing Cruise 4, August-September, at  the beginning of 
the austral spring, the whole area was almost homoge- 
neously dominated (minimum percentage of 73 %) by 
the SAW (Fig. 2C). This condition can be attributed to 
the intensification of coastal upwelling during spring, 
which brings this water mass to the surface (Rodriguez 
et al. 1991, Strub et al. in press). 

Seasonal changes in the structure of the physical 
environment were also detected while calculating the 
semivariograms for each grid (Table 2). The results of 
the sernivariograms show that the range, a, increased 
from 190 km during Cruise 2 to over 500 km during 
Cruise 4. That is, the area over which there is correla- 
tion among properties of the physical environment 
increased during seasons, with its maximum during 
the spring period. 

Table 2. Parameter values of the spherical semivariogram 
used to interpolate the percentage of SAW in Cruises 2 , 3  and 
4 (Fig. 2) .  Parameters correspond to the following formula: 
y(h) = c. + c1[(3h/2a) - 0.5(h/a)3] for 0 < h < a, and y(h) = c. + 
c, for h 2 a. Where y(h) is the semivariance for each spatial lag 
h, a is the range [above which y(h) remains theoretically sta- 
ble], c, is the nugget or random variance and c, + c, equals the 
sill, or maximum theoretical semivanance. This is a commonly 
used theoretical semlvariogram model and the default in 
many geostatistical software. The use of other models (e.g. 

linear. Gaussian) did not change the resulting grids 

Parameter Cruise 2 Cruise 3 Cruise 4 

162.8 165.7 
540.7 3155.0 

a (km) 190 332 >500 
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May 1989 July-August 1989 August-September 1989 

50-80 . 
80-1 00 A/ 100 0 100 km 

30-50 No Data Coastl~ne 

Fig. 2. Spatial distribution of the Subantarctic Water Mass as 
a percentage of the water column (0 to 100 m) occupied. 
Grids were generated by spatial interpolation of data points 
(oceanographlc stations in each cruise) using kriging (for 

details see 'Methods: Spatial analysis') 

Distribution of Calanus chilensis and 
Cen tropages brachiatus 

The largest abundance of Calanus chilensis was 
found in the northern part of the study area (Fig. 3). 
Data from Cruises 2 through 4 showed that those large 
abundances occurred predominantly close to shore. 
The 2-way ANOVA (Table 3), however, showed that 
there is no general Linear cross-shelf trend in the abun- 
dance of this species. It also showed significant differ- 
ences in its abundance among cruises. Finally, the 
interaction between Cruise and Distance was margin- 
ally significant (p = 0.085, Table 3),  suggesting that the 
relationship between abundance and distance from 
shore changes seasonally. The distribution of Centro- 
pages brachiatus, on the other hand, showed differ- 
ences to that of C. chilensis. The largest average abun- 
dance of C. brachiatus (247 copepods m-3) was found 
in Cruise 1, March-Apnl, when C. chilensis was at its 
lowest (Fig. 4). C. brachiatus, contrary to C. chilensis, 
showed a significant cross-shelf linear trend in its 
abundance, i.e. higher values close to shore (Table 3). 
It also showed significant differences among cruises 
and no significant interaction between Cruise and 
Distance. Thus, the abundance of C. brachiatus tends 
to decrease offshore and this pattern does not change 
seasonally. 

Table 3. Two-way ANOVA mth rephcation of the abun- 
dances of Calanus chilensis and Centropages brachiatus. 
Testing was done for 2 sources: time of the year (Cruise) and 
distance from shore (D~stance).  Data were transformed using 

log(x+l )  

Source SS df MS F-ratio p 

Calanus chilensis 
Cruise 8.60 3 2 87 8.87 0.000 
Distance 1.31 4 0.33 1.01 0.404 
Cruise X D~stance 6.44 12 0.54 1.66 0.085 
Error 32.21 109 0.32 

Centropages brachiatus 
Cruise 11.18 3 3.73 6.8 0.000 
Distance 20.44 4 5.11 9.31 0.000 
Crulse X Distance 2.81 12 0.23 0.43 0.950 
Error 59.80 109 0.55 

Although the 2-way ANOVA showed that the 2 spe- 
cies differed in their cross-shelf abundance patterns, it 
only tested for log-linear trends. However, a visual 
analysis of the abundance grids (Figs. 3 & 4) suggested 
to us that large values of both species tended to occur 
close to shore. This analysis was performed using GIS 
tools. First, we defined 'large values' as those corre- 
sponding to the upper 10 % of the range of abundance 
in each cruise. Table 4 shows the mean, standard devi- 
ation and the range of the abundances of Calanus 

Cruise 1 Cruise 2 
March-A~nl 1989 May 1989 

'1 
Cru~se 3 

9 
Crulse 4 

July-Auqust 1989 Auqust-September 1989 . - 
1 00-200 
200-400 A/ - 

50-1 00 No Data Coastl~ne 100 0 100 km 

Fig. 3. Calanus chilensis. Spatial distribution of the abun- 
dance (copepod m-3) in the study area. Grids were generated 
using a spatial weighted moving average (IDW) technique 

(for detads see 'Methods: Spatial analysis') 
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from Cruise 2 were located 40 km (C. brachiatus) and 
73 km (C. chilensis) away from shore. We overlaid the 
'large values' grid to the percentages of SAW during 
Cruise 2 to analyse if the spatial distribution of these 

I 

' r values was related to the hydrography (Fig. 5). The 
result of this analysis showed that these high abun- 
dances occurred in an area with a large offshore 
extension of the SAW. Furthermore, the spatial cross- 
correlation index between the distribution of percent- 
ages of SAW and the abundance of copepods showed 
positive correlations for Cruises 2 and 4, and negative 
correlations for Cruise 3 (Table 5). This negative result 
may be partly due to the presence of coastal patches of 
high abundance of both species in the area of low per- 
centages of SAW during Cruise 3 (Figs. 2, 3 & 4). Thus, 
our GIS analysis has shown that both species occurred 
predominantly close to shore, within 10 km, and that 
large abundances found further offshore tend to occur , I 
where offshore advection of coastal waters, dominated 

Cruise 1 Cruise 2 Cruise 3 Cruise 4 
March-April 1989 May 1989 July-August 1989 August-September 1989 the SAW: can be inferred. 

200-400 A different way of analysing these results is to 

o 100krn assume that both variables (percentage of SAW and 
100-200 No D a t a  Coastline - 

Fig. 4. Centropages brachiatus. Spatial distribution of the 
abundance (copepod m-3) in the study area. Grids were gen- 
erated using a spatial we~ghted moving average (IDW) tech- 

nique 

chilensis and Centropages brachia tus. Second, we 
queried all grids from Figs. 3 & 4, selecting those cells 
that would contain large values, as previously defined. 
The distribution of those values is shown in Fig. 5. With 
the exception of the data belonging to Cruise 2 (May 
1989), large values for both species were located close 
to shore (within 10 km). Most of them occurred in the 
northern and central part of the study area, with the 
exception of C. chilensis in Mejillones Bay at the 
southern end of the study area. Large offshore values 

Table 4. Mean, standard deviation and range of abundances 
(copepods m-3) of Calanus chilensis and Centropages brach- 

iatus in the study area 

Cruise Mean SD Range 

Calanus chilensis 
1 8.1 4.2 0 0-25.0 
2 40.0 49.0 0 0-164.0 
3 52.0 27.0 3.0-390.0 
4 96.0 192.0 1.0-349.0 

Centropages brachiatus 
1 247.0 47.0 0 0-1035.9 
2 121.0 31.0 0.0-184.0 
3 30.0 17.0 2.0-174.0 
4 134.0 71.0 11.0-1350.0 

Cruise 2 legends: 

80% SAW 

C. chilensis 

C, brachiatus 

Fig. 5. Calanus chilensis and Centropages brachiatus. Spatial 
distribution of large values (upper 10% of the range of abun- 
dance in each cruise) of abundance in the study area. A com- 
posite picture of the large values of both species in all cruises 
is shown. Gray cells: large values of Centrophages brachiatus 
in Cruises 1.3: and 4; black cells: large values of Calanus chlen- 
sis in Cruises 1, 3, and 4. Other features of the map, those of 

Cruise 2, are explained within the figure 
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copepod abundance) are random variables, and 
analyse to see if the proportion of negative to positive 
correlations is h g h e r  than that expected by chance 
alone (a binomial test). The results of this test, p (n = 3, 
X t 2) = 0.5, show that from a purely statistical point of 
view, we cannot discard the possibility that water mass 
distribution does not play a role in the distribution of 
copepods. 

Finally, the temporal distribution of the male/female 
ratio did not show evidence of seasonality in reproduc- 
tion for both species. A l-way ANOVA of male/female 
ratios with time (cruise) as the source of variability 
gave a probability of 0.56 for Centropages brachiatus 
and 0.47 for Calanus chilensis. Furthermore, the spa- 
tial distribution of the male/female ratio of both species 
did not show clear trends either in relation to distance 
from shore or with respect to latitude. 

Relationship between species distributions 

The available literature regarding Calanus chilensis 
and Centropages brachiatus suggests that they co- 
occur and belong to the coastal, distant-neritic, group 
of species (Heinrich 1971, Sameoto 1981). We tested 
this idea by performing a linear correlation analysis 
between the spatial distributions of the 2 species. For 
this test, we used the original sample estimates of 
abundance and calculated Pearson's r (Sokal & Rohlf 
1981). When considered over all cruises, the spatial 
distribution of both species was positively correlated 

Table 5. Spatial cross-correlation indices for the relationship 
between the percentage of the water column occupied by 

SAW and the abundance of copepods 

Specles Cruise 2 Cruise 3 Crulse 4 

Calanus chilensis -0.36 
Centropages brachiatus 0 47 -0 17 0.14 

Table 6 Correlation analysls between the distribution of 
Calanus chilensis and Centropages brachia tus in the study 
area. Pearson's r correlation coefficients were calculated 
from the original data uslng log(x+l )  transformation. Spatial 
cross-correlation ind~ces  are shown in the last column, these 
~ndices  were calculated between species abundance grids 

for each crulse 

Cruise Pearson's r p Cross-correlation index 

1 -0.45 0.02 -0.44 
2 0.61 <0.001 0.39 
3 0.55 0.001 0.84 
4 0.65 <0.001 0.68 

(r = 0.262, n = 129, p < 0.001). However, when the 
analysis was done cruise by cruise, results were differ- 
ent. We found significant correlations in all 4 cruises 
(Table 6). However, 3 were positive (Cruises 2 through 
4) and 1 was negative (Cruise 1).  We used again the 
binomial test on the proportion of negabve to positive 
correlations. The result, p (n = 4, x 2 3) = 0.31, showed 
that we cannot rule out the null hypothesis that both 
species occur independent of each other and that the 
observed correlations are the result of chance alone. 
The spatial cross-correlation indices between grids 
produced similar results (Table 6). 

DISCUSSION 

Spatial distribution of Calanus chilensis and 
Centropages brachiatus 

Calanus chilensis and Centropages brachiatus occur 
at  average abundances of 50 and 130 copepods m-3, 
respectively, within 80 km of the northern Chilean 
coast. These abundances are within the same order of 
magnitude as those described by Heinrich (1971) for 
the Chile-Peru coastal zone for C. chilensis (25 cope- 
pods m-3), but an  order of magnitude larger for C. 
brachiatus (9 copepods m-3). The highest concentra- 
tion of both species (2390 copepods m-3) occurred 
close to shore (i.e. within 10 km from shore). The area 
of maximum abundance, or 'large values' as defined in 
the 'Results', corresponds to that most affected by 
coastal upwelling and having the highest primary pro- 
duction (Mann et al. 1993). This result also agrees with 
the observations by Heinrich (1971) and Escribano & 

Rodriguez (1994). Our analysis using GIS tools sug- 
gests that both species are  more abundant under SAW 
conditions, the water mass associated with the 
upwelling dynamics (Strub et  al. in press). This inter- 
pretation agrees with the coastal distribution of both 
species off the Peruvian coast, as shown by Heinrich 
(1971) and Semenova et al. (1982). However, if results 
are examined from a purely statistical point of view 
using the binomial test on expected proportions of pos- 
itive and negative correlations, we cannot rule out the 
possibility that the relationship between the SAW dis- 
tribution and copepod abundance is a result of chance 
alone. The same holds for the relationship between the 
spatial distributions of the 2 species. In this last case, 
however, both the GIS cross-correlation indices and 
Pearson's r produced the same result (Table 6). Fur- 
thermore, the ANOVA performed on abundance 
(Table 3) showed that, at least from the point of view of 
parametric statist~cs (Sokal & Rohlf 1981), the 2 species 
had different cross-shelf trends. Positive spatial corre- 
lation between C. chilensis and C. brachiatus has been 
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shown by some authors (Heinrich 1971, Sameoto 1981, 
Semenova et al. 1982), and these 2 species were put in 
the 'distant-neritic' group. Our results agree with these 
authors only in the sense that high abundances of both 
species occur close to shore, but we do not find firm 
evidence of positive spatial correlation between them. 
Alternatively, our GIS analysis may offer more clues on 
this statistical issue. Our preferred method for spatial 
interpolation was kriging. However, as stated in the 
'Methods', we failed to fit any theoretical semivari- 
ogram for the copepod abundance distributions. The 
resulting semivariograms had the structure of 'noise', 
which would result from a process with structureless 
spatial variation (Jongman et al. 1995). One simple 
explanation for this result is that samples were taken 
too far apart to distinguish the statistical structure of 
the spatial distribution of copepods. Thus, it is possible 
that a finer scale distribution study is necessary to 
resolve this. Even in this situation, the methods used in 
this analysis allowed us to proposed general distribu- 
tion patterns. Thus, we can conclude that the informa- 
tion presented here, as analysed through a GIS, 
strongly support the notion that C. chilensis and C. 
brachiatus are part of a group of zooplanktonic species 
especially abundant within 10 km from the coastline. 
Given the dominance of the SAW in that domain, the 
distribution of the species appears related to it. How- 
ever, variability on smaller scales, which appear as 
random effects in our analysis, may be important. 

Geographic Information Systems are powerful and 
con~plex computerised tools for the analysis and 
modeling of spatial data (Bosque-Sendra 1992). They 
are increasingly being used in ecology, especially for 
landscape analysis (Dunning et al. 1995). However, 
they have hardly been used in aquatic ecology, let 
alone plankton research. Only recently, ecologists 
have started using GIS's for the analysis of complex 
systems. Delgado & Mann (1997) show an example of 
the use of GIS's in the analysis and modeling of the 
Antarctic krill Euphausia superba fishery. Tishendorf 
(1997) discusses its use for the modeling of animal 
movements in heterogeneous landscapes. One impor- 
tant feature of GIS's is that they link spatial data 
models (a grid in our case) to database management 
systems. Thus, they support the combination and visu- 
alisation of different information layers, e.g. water 
mass characteristics and copepod abundance, improv- 
ing our capacity for the description and modeling of 
the distribution of planktonic organisms. Another 
interesting feature of GIS's is that they include tools for 
surface generation from point estimates, a common 
problem in oceanographic studies, which incorporates 
the concept of autocorrelation among data (e.g. krig- 
ing, IDW). Furthermore, at  least in grid data models, 
the cell-by-cell analysis allows for the testing of 

hypotheses using, for example, Boolean evaluation of 
logical expressions. We used that feature to test the 
distribution of large values in relation to distance from 
the coast. GIS's include many other features that may 
be of interest to scientists working in plankton 
research, like watershed analysis, hydrological mod- 
els, etc. In this paper, we have used just a small subset 
of the tools available in GIS's and for a rather limited 
dataset. Nevertheless, we are convinced, after using it, 
that this technology can be used effectively to study 
aquatic ecosystems, especially when dealing with 
large (e.g, global change) datasets on planktonic 
organisms. 

Life cycle of  Calanus chilensis and Centropages 
brachiatus in the Humboldt Current ecosystem 

The problem of population regulation in marine ani- 
mals is a recurrent issue in biological oceanography 
(Laevastu & Larkins 1981, Sinclair 1988, Angel 1994). 
Sinclair (1988), in relation to population regulation in 
the oceans, proposed the 'memberhagrant' hypothesis 
that emphasises the spatial constraints of the oceans 
to life cycle closure. The hypothesis proposes that, for 
species with complex life histories, populations are 
considered to be regulated, to a large degree, by 
physical oceanographic processes. Copepods in other 
marine ecosystems show life cycles tuned to the 
physical characteristics of that system (Man'n 1986, 
1988, Conover 1988). 

In upwelling systems the local maintenance of cope- 
pod populations seems to depend upon seasonal (onto- 
genetic) and/or diurnal migrations (Verheye et al. 
1991, Angel 1994). The resolution of our sampling 
scheme did not allow us to distinguish diurnal vertical 
migrations. However, we did not find evidence for 
ontogenetic migrations. Indeed, our results show that 
adults of both species are found in the upper water 
levels (0 to 100 m) year-round. Furthermore, we found 
a lack of seasonal change in male/female ratios. This 
suggests that both species can reproduce throughout 
the year in the Humboldt Current ecosystem. In fact, 
Escribano & Rodriguez (1994) have shown year-round 
presence of nauplii and adults of Calanus chilensis in a 
coastal embayment within our study area. Our data 
and that of Heinrich (1971) support the idea that C. 
chilensis and Centropages brachiatus are especially 
abundant in areas of high biological production close 
to shore. Thus, the high abundance of both species 
more than 40 km away from the coast in some locations 
(Fig. 5) may be interpreted as the result of offshore 
advection. This interpretation would also agree with 
the idea, first introduced by Hutchinson (1953) and 
subsequently developed by Haury et al. (1978), that 
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the mesoscale (i.e. 10' km) distribution of zooplank- 
tonic species is vectorial and reproductive. Vectorial 
patterns are those generated by external forces such as 
circulation and currents (Hutchinson 1953); while 
reproductive patterns are those generated by the bio- 
logical dynamics (e.g. reproduction and growth) of 
each species. Thus, the spatial mesoscale distribution 
pattern of C. chilensis and C. brachiatus can be ex- 
plained as the result of reproduction in coastal 
upwelling areas of the Humboldt Current ecosystem, 
followed by offshore advection. Consequently, if both 
species do not perform seasonal migration, the possi- 
bility of becoming vagrants from their local popula- 
tions is high. On the other hand, they may have alter- 
native mechanisms such as diurnal vertical migration, 
finely tuned to the upwelhng circulation, as shown for 
other coastal calanoids (Angel 1994). Mann (1997) has 
shown that, at least for C. chilensis, the diurnal vertical 
migration pattern does not seem to be strong enough 
to prevent it from being advected offshore. Finally, it is 
also possible that the complex mixture of northward 
and southward flows that characterises the circulation 
of the Humboldt Current ecosystem (Silva 1983) pro- 
duces enough 'residence time' to maintain local popu- 
lation~ close to shore. However, discerning between 
these hypotheses will require a mixture of process-ori- 
ented sampling together with mathematical modeling 
of the circulation-migration dynamics. 
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