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Use of the kriging method for the stock ossessment of oysters ln the Chesapeake Bay. 

INTRODUCTION 

The krlging technique Is now employed ln more and more fields: mlnlng (Journel. 1977), 

hydrology (Delhomme, 197B; Shamsi et al" 1988; Dingman et al" 1988), fishery (Conan, 1989) 

and ecology (Robertson, 1987; Schotzko and O'Keeffe, 1989, 1990). Recent developments of 

the mathematlcal theory tend to extend the number of applications where Il may be used. 

Baslcally defined for the case of a statlonary spatial process, Il now encompasses more 

general processes assuming less and less strong hypotheses (Intrinsic hypothesls, Intrlnsic 

generalised hypothesis, disjunctive krlglng). In Ils most general formulation, Il allows to study 

the spatial structure of a process including large scale or local trends. The basic idea remains 

to take Into account the spatial structure ln order to estima le the mean and the variance of 

the sam pied variable either over a given area, either at a point. In the one dimensional case, 

it may be applied to time series (Ibanez, 1985; Robertson, 1987). Delails and malhematlcal 

formulations may be found in the references ciled above and will not be recalled in this 

report. Il Is just necessary to know that the IInear krlglng estlmator of a process Is the best 

linear unbiased estimator and that the estimation consists in computing the weights of the 

estimator from the spa liai slructure, so that observed points closed to the point to estima te 

have a greater Influence than observed points whlch are far from Il. 

Systematlc sampllng was applled to the study of the oyster populations ln some oysler 

bars of the Chesapeake Bay. Some of the resulls were chosen ln order to evaluate the 

advantages and drawbacks of the krlglng method compared to more classlcal ones 

(random sampling). We are faced with the following problems : 

- does the use of a regular grid yield to an Interesling resull (feasability, good 

precision)? ln that case, the sampling points are not randomly drawn, so that the estimators 

used for random sampling do not work. That means that we must use more efficient 

techniques for the stock assessment. Consequently, the kriging melhod was chosen. 
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- Is It possible to make some proposais for a global survey of the bay? ln other words, Is 

the previous method efficient enough to be Incorporated Into a global slrategy. It appears 

that this question Is linked to at least two more points: 

-- the cholce of units and subunits of the sampling schemes and of the method tO 

draw these units. 

-- the comparlson of Ihe cosl (number of polnls) and Ihe precision (variance) 

obtained for the few examples that were analysed. 

MATERIAL AND METHOD 

1) stock assessment 

The list of the oyster bars whlch were analysed Is given table 1. They were chosen 

because of the number of samples and non zero values for the variables represenling the live 

oysters. In each case two variables were studied: 

- the welght of blank oysters. This variable deflned the boundarles 01 Ihe bar. The 

weight Itselt had no Interest but to compare the spatial slructure of the living oysters with the 

one 01 Ils substrate. 

- the weight of live oysters. Il was prelerred to the abundance which is known to have 

a skewed distribution and may suffer Irom linear Interpolation. 

Kriging was applied on the raw data without any translormation of variable which 

would have yielded some blas (see number of zero values) . In some cases, some zero values 

were removed, at least on the flrst variable, when the polnls were obvlously oui 01 the 

boundaries 01 the bar. The GEOEAS software package was prelerred to MAGIK because 01 Ils 

lacililies (parameter files) . The main advantage of the second one consists on the ability to 

provide structural analysis and to compute general covariance lunction. Il Is a more general 

method than the one based on the estima lion 01 the variogram (stationary or inlrinsic cases) 

because 01 Ils ability 10 remove local polynomial trends, bul Il Is 01 fltlle help when assessing 

the global mean over the bar with that version 01 MAGIK soltware. More details about the 

latler method may be found ln the litlerature (e.g. Shamsl et al. , 1988) and will not be 

recalled here. 
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The steps followed in this study are listed below : 

- computation of the Isotropic experimental variogram. When the re were enough 

points (more thon 60), and If It was necessary, anlsotroplc variograms were computed along 

(at leost) the two main directions. 

- once the variogram was modeled (spherical model), the cross-validation was the 

crucial step. It allowed ta compute the krlged value and the krlglng variance and each point 

that was sampled. The comparison between the observed and predicted values ylelded ta 

accept or ta relect the model. In the lotier case, that means that a new model of the 

variogram had ta be fitled ta the data. The previous trial and error process was pursued unlil 

the predictions seemed acceptable. Two crllerla are commonly used ta valida le the modal. 

The first o ne Is the ratio between the mean krlglng standard devlation and the standard 

deviation of the residuals whlch must be close ta 1. The second one Is a measure o f the blas, 

I.e. the mean difference between the kriged values and the observed values. whic h must be 

close ta O. 

- mapping the variable was obtained through the computation of the kriged values at 

each node of a grid generally finer thon the one used for the sampllng. The sollware 

enabled ta draw constant levellines on a bidimensional graph. This map gives an idea of the 

localions where the greatest and lowest abundances were found. Since the sampled points 

were regularly spread over the area, the map of the local variances corresponding ta the 

local means will not provide much Information. The kliging variance depends only on the 

location o f the samples and a high variance cames from the lack o f data in the 

neighborhood of the krlged point. 

- the variance of the global mean was derived from the tables given by Journel (1977). 

IIls a function of the range of the variogram (distance from whlch the variogram is flot) and 

the polygon o f Influence (Ihe rectangular area around each sampling unit). 1he nugge t 

effect, which re presents the varlability not explained by the model, was added ta the 

previous estimation of the variance. Since the kllging estimator is a true interpolator, the 

mean was given by the mean computed at 011 the nodes of the grid used for the map. Some 

sampling units were removed from the set of data since the corresponding 'blank weight' was 
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null and the point was located on the perlphery of the bar. The surface of the area was 

derived from the Intersection between a polygon around the remaining points and the grid 

of points used for the local kriging. Il Is the most stralghlforward way to define the area. In an 

example. Armslrong e t al. (1989) showed that Including or not zero values that lie at the 

boundaries of the area did not change much the global estimation. In fact it acted on the 

distribullon of the local values and on the mapplng. 

The stock was the product of that mean by the size of the mesh and the number of 

meshes definlng the studied area. 

The maps and variograms are given ln the annex. An analysis of ail the resulls would 

yleld very redundant remarks. In ail cases an Isotropie model of variogram could be filled to 

the experimental variogram and allowed to compule the global mean and variance of the 

weighl wilh enough reliabllity . The summary of the resulls are presented and discussed. 

2) optimizalion 

Once the spatial structure assessed for the oyster bars which were examined, we 

focused on the computation of the number of sampling unils that should be drawn on each 

bar ln order to obtaln the lowest variance with a given tolal number of points, This Is a way to 

define a global strategy, though ln our case only seven bars were concerned. 

From Journel's table, Il may be seen that, ln the case of a variogram wi lh no nugge t 

and a sill equal to 1. the kriging global variance V 1 o f the mean Is re laled to the ratio 

be tween the mesh size (1) and the range o f the spherlcal variogram (a) according 10 a log

linear relalionship (when I/a Is not too great) : 

In(V1) = p, ln (I/a) + q 

The li a ratio is Inversely proportion al to the square root of the number of sampling units 

(n), Then the prevlous relation becomes: 

In(V 1) = p . In (rlfni + q , 

whe re r depends on the area of the bar and Ihe range of Ihe variog ram, 

When the variogram includes a nuggel (u) and a sill (s) , the variance o f the mean may 

be wrillen: 

V2 = (s . V 1 + u) 1 n, 
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and the variance of the stock V3 is equal ta: 

V3 = V2. 52, 

where S is the area of the bar. The relation between V1 and n yields: 

V3 = A . n (-l-p/2) + B . n- 1, 

where A and B depend on the characteristics of the varlogram. 

The optimlzation problem may be de fined as ta minimlze the func tl on : 

V = l: AI . nie -1-p/2) + l: Bi . ni-l , 

under the constraint : 

l: ni = N, 

where 1 is rela ted to the bar numbe r i (i= 1 to Nb). 

The use o f the Lagrangian multiplier À yields to solve the equations: 

CI. nil3 + DI. nl - 2 + À =0 , 1=1 ta Nb, (1) 

where CI and Di are derived from AI, BI, 13, p and with the sa me constraint: 

l: ni = N (2) 

There is no analytical solution of the equation (1) giving ni as a function o f À, but 

numerical computations may be used ta find ni and À. 

Knowing ni yields ta calculate the corresponding variance. Consequently, the gain o f 

precision due la the oplimization con be eSlimated, under the assumptlon tha t the models of 

the variog rams are still valid. 

GENERAL RE5ULT5 

The results were summarlzed ln tables 1 ta 3 for the seven oyste r bars whlch were 

analysed. The coefficient of variation lay from 4 % ta 15 % according ta the bar or the 

variable. The whole stock of live oysters de rived trom the computations reached 5298 melric 

tons with a coefficient of variation equal to 4.8%. The gain of precision ylelded by the 

application o f the kriging melhod was nol constant and mlght be not very interest ing ln 

every case. It was defined by the ratio between the esfimated standard deviation and the 

standard devlatio n 01 the population d lvided by the square root 0 1 the number of units (table 

3). The laffer standard deviation is not the true one ylelded by a random sampling sur vey 



Table 1 : Isotropie variograms for the "live weight" (1) and "blank weight" (2) variables. 

Il oyster bar range sill nugget sample percentage 
name number of zeros 

Il Black Buoy 1) 5.5 2.7 2 68 26 
2) 12 9 3 68 4 

Il 
Sandy Hill 1) 25 0.75 0.75 187 55 

2) 30 45 40 187 27 

Il 
Mill Dam 1) 18 2 1.8 137 58 
and Dixon 2) 18 13 20 137 45 

British Harbour 1) 15 3.5 6 88 45 
Il and 

Oyster Shell 2) 18 39 25 88 35 

Il 
France 1) 1 1 0 80 43 

2) 1 14 0 80 20 

Il 
Cabin Creek 1) 15 1 1.8 98 64 

2) 10 50 28 98 48 

Bachelor 1) 18 1.8 1.5 151 57 
Il Point 2) 18 46 25 151 56 
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Table 2 : Experimen tal kriging in order t o cross validate the model of variograrns for the 
"live weigh t" (1) and "blank weight" (2) variables. 

mean kriging ratio between mean 
oyster standard deviation residual and residual 
bar kriging 
name standard deviation 

Black Buoy 1) 1.81 1.00 0.02 
2) 2.21 0.92 0.00 

Sandy H ill 1) 1.03 1.00 0.03 
2) 7.49 1.03 - 0.24 

Mill Dam 1) 1.74 0.97 -0.03 
and Dixon 2) 5.38 0.99 -0.07 

British Harbour 1) 2.93 1.02 0.18 
and 
Oyster Shell 2) 6.71 0.94 0.23 

France 1) 1.02 0.97 0.02 
2) 3.83 0.95 0.14 

Cabin Creek 1) 1.53 0.95 0.05 
2) 7.54 1.02 0.34 

Bachelor 1) 1.65 0.99 0.12 
Point 2) 7.32 1.00 0.52 
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because the units were not drawn randomly but we may expect that it is not too far from It. A 

low value means that ta king Into account the spatial struc ture brlngs muc h Informatio n. For 

instance. the lowest values (for the 'live weight' variable) lay around 0.63 (e.g. France oyster 

bar) which means that the precision was improved of about 37%. The greatest values (i.e. the 

lowest gain of precision. see Cabln Creek. Bachelor Point. British Harbour and Oyster Shell 

oyste r bars for which the gain was less than 20 %) seemed not to depend on the mean 

weight. the number of sampling units nor the number o f zero values. which could have 

Influenced the resulls o f the analysls. These values came trom var logram models contalnlng 

high nugget e ffec ts (compared to the sill. table 1). That means that the spatial struc ture was 

not e asy to describe wllh the sampling design used ln thls sludy. In o ther words. the slze o f the 

mesh of the grld deflned for the survey was not appropria le. The spatial scale was smaller 

than the minimum distance between two nodes o f the grid. In France oysler bar. the nugget 

was null . but the lack o f observations at small distances makes this est imation doublful. In 

such a case. we were really closed to a pure nugget effect and only a tria l and error process 

o f cross va lidation of the model allowed to choose the best model (table 2). Since the 

experime ntal variogram was Irregular and that Ils range was obvlously less or equal to the 

shortest d istance between the sampling units. there was no o the r way to get acceptable 

parameters . However. thls does not mean that no spa tial struc ture exlsted. Il would only 

dema nd a finer grid. i.e. more points. 

The range o f the global means o f the oyster bars was really wlde. Though no statistical 

test was pe rformed. an obvious classification o f the mean densities could be derived from 

the mean va lues. The mean value of Black Buoy was equal to 2.45. British Harbour had a 

similar mean (2.42). FOllowing a decreasing order. we fo und Dixon and Mill Dam. Bachelor 

Point and Cabln Creek bars (around 1). Sandy Hill (0.79) and France (0.46). 

The variable 'blank weight' was also studied . The gain o f precision lay between 0.61 and 

0.81. which was quite similar to the previous variable. In fac to a m ore regular distribution was 

noticed. The pe rcentage o f the variance explained by the nugget was generally lowe r for 

this variable than for the 'live welght· variable (tig. 1). There was no t suc h an obvious 

difference between the ranges o f the two variables (fig . 2) . even though the range o f 'blank 
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Figure 1. Comparisons of the nuggets (expressed as a percentageof the variance) of the two variables 
'live weight' (x axis) and 'blank weight' (y axis) for the seven banks, showing a generally greater 
nugget for the 'live weight', i.e. a It:ss strong structure. 
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welght' was generally greater than the range of 'live weight' or equal to It. These structural 

remarks aslde, the main Interest of thls variable Is that It allows to glve sensible boundarles to 

the bar. The number of sampling units was lowered by removing 50 me zero points Iying ln the 

exte rnal part of the area . The surface of the bar was derived trom the remaining points. In 

some ex amples however (e.g. Cabin Creek. Bac helor Point). many zero values were still kept 

inside the bar. Some question may arise since bla nk shells are the substrate o f the living 

oyste rs. The habita t seemed the n not at ail uniform and this feature could have an e ffect on 

the d istribution of the living oyste rs . However, the means o f blank oysters were more 

homogeneous than the means o f living oysters when ail the oyster bars were compared and 

varied Irom 3.4 (F rance) to 8. 1 (Bri tish Harbour and Oyster Shell) . By the sa me way, the 

precision was slighthly better for the 'blank weight' tha n the 'live weight'. 

As far as it could be studied, no anisotropy was notlced or could explaln some 

irregularity of the variogram. The study of the anisotropy requires muc h more sampling units 

than the isotropie variogram because o f the calcula tion 01 the spatial corre la tions along 

several distinct d irections. The variograms were visualised for the Sandy Hill oyster bar along 

four d irections (0°, 45°, 90°, 135°) for both variables (fig. 3). The comparison between isotropie 

model and the experime ntal variograms showed no major differences in the parameters (sill, 

range and nugge t), at least along the two main directions (45°, 90°) fo r whlch the numbe r 0 1 

aval/able pairs o f points were the mo re numerous. 

Givlng a g lance at the maps showed tha t the spa tial distribution for both variables, and 

especially the 'live weight', varied from one case to another. For Bachelor Point and France 

oyster bars, the spatial variabl/ity was highly pronounced when compared to the scale 0 1 the 

bar. The distribut ions were less variable for Cabin Creek. The Black Buoy was almost constant. 

ln the latter however, and in Mill Dam and Cabin Creek too, the boundaries o f the bar were 

not weil defined. Some peaks were obvlously Incomplete and eut off by the boundary o f the 

sampled area. When comparing the peaks o f 'live welgh t' and 'blank welght', no general rule 

was found to cor re late the abundance of the two variables. The re was no evidence o f a link 

beiween them in the Black Buoy oyster bar lor Instance. On the contrary, similar patte rns 

could be noticed in Cabin Creek or Bachelor Poinl. 
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The relation between the number of sampling unlts and the coefficient o f varia tion of 

the live weight on each oyster bar was derived from the e quations d escribed previously and 

plotfed on figure 4. As expected, there was a strong decreasing effect of the number of units. 

This effec t Is partic ularly st rang for the Fronce oyster bar. Since the nugget was put ta 0, 

lowering the size of the grid used in the survey would result ln ta king Into account the spatial 

struc ture more effectively. On the other hand, the gain of precision (tram a random ta a 

systematic survey) would remain the same for ail the bars but Fronce (fig. 5). The numbe r of 

units and the re lated variance ylelded by the optimizotion were summarlzed ln the table 4. It 

allowed ta lower the variance of the whole stock Irom 64300 ta 49500. The numbe r o f unlts 

was Increased on Mill Dam/ Dlxon, Brit ish Harbour/Oyste r Shell, Fronce and Bachelor Polnl. 

Two reosons may be put forward ta explain the new allocation of the units. Filst. small bars 

(Cabin Creek, Black Buoy) may be neglec ted without Great loss. Then for Gre at bars, a 

greater precision would be obtained when the nugget is low sa that decreasing the size o f 

the mesh would lower the krlging variance (e.g. Bac helor Point. Fronce bars). 

CONCLUSION 

A General remark brought by the pre via us considerations Is tha t the re is a wide number 

01 spa tial structures. There may be hlstorlcal or biologlcal reasons tor the he te rogenelty o f the 

distributions since changes due ta blological events or fishing effort and management con 

occur. The bathyme try of the oyster bars was generally hlghly variable. Fronce and Black 

Buoy apart, a trend was noticed (Cabin Creek, Sandy Hill) or the bar was separa ted by a 

rldge (British Harbour/Oyste r Shell Point. Dl xon/ MIII Dom, Bachelor Point). There was no direct 

link between th is variabitity and the spatial structure of bath 'live weight ' and 'blank weight' 

var iables. This fac tor could however be combined ta bio logical ones ta explain the different 

kinds of spa tial structures. The fact that the reple tion program was applied ta some bars 

(Cabin Creek, Dixon, Black Buoy, Sandy Hill , Oyster Shell Point) in 1988, 1989, does not give 

clues ta Inte rprete the spatial structure or the mean density. 

The boundaries o f the oyster bars seemed ta be very uncertaln . Zelo values for the 

variable 'blank weight' and peak of abundance near the theolelical b oundaries de fined by 
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Table 4 : Optimization of the number of sampling units per oyster bar. ActuaI and 
simulated values of the number of units and the variance of the stocks are 
compared. The optimization could allow to lower the whole variance by 24 %. 

Bar n nSlm V Vsim 

BIackBuoy 68 8 22 264 
(Upper Choptank) 

Sandy Hill 187 115 4415 7339 
(Middle Choptank) 

Mill Dam and Dixon 137 167 12889 10496 
(Upper Choptnnk) 

British Harbour and 88 136 14832 9489 
Oyster Shell 
(Upper Choptank) 

France 80 124 10781 5424 
(Lower Choptank) 

Cabin Creek 98 40 1120 2831 
(Upper Choptank) 

Bachelor 151 219 20243 13653 
Point 
(Tred Avon River) 

TOTAL 809 809 64304 49497 
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Figure 4. Simulation of the relation between the number of sampling units and the prec ision (%) 
obtaincd by the kriging mcthod. The squares show thc actual precision for the ac tual survey. 
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Figure 5. Simulation of the relation be tween the number of sampling units and the gai n of precision 
obtained by the k:riging method when compared to random sampling. The squares show the actual 
gain obtained for the actual survey. The gain is more or less constant for all the bars but France which 
may be related to the O-nugget put in the model of the variogram. 
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Ihe sampling grid showed Ihal Ihe bar may have shifled or shrunk. From a praclical point of 

vlew. allenllon musl be pa Id 10 Ihe locallon and Ihe slze of Ihe grld used for Ihe survey. 

Syslemalic sampling is required because of Ihe lack of informalion on Ihe boundaries o f Ihe 

oysler bars. Il represents an Imporlanl effort which has 10 be handled wilh care. Because of 

Ihe Imporlance of Ihe nuggel ln the compulation of Ihe variance. one has 10 focus on Ihe 

reduction o f Ihe slze o f Ihe mesh. Scholzko and O'Keeffe (1990) suggest tha t an hexagonal 

design Instead of a reclangular. should glve beller resulls sin ce shorler spoliai scale would be 

consldered for the same number o f sampling units. On Ihe other han d, Ihe re pllcatlo n of 

some sampling unils did not bring much Information because of the low number of couples 

of points concerned - Ihe variogram Is very sensitive 10 the numbe r of couples. If another 

survey had 10 be conducled on Ihe same areas, the previous considerations joined to Ihe 

fact that the boundaries of the oysler bars are more preclsely defined from thls study wo uld 

result in beller estimations of the spatial structures and the global means, 

A survey o f the whole boy or even of the whole Choptank river by suc h a sampling 

scheme would require an importa nI sampling effort. A less ambitious purpose could be 10 

choose some key oyster bars that would be sam pied from lime to lime (each year for 

Instance) ln order to follow the impact of Ihe lishing effort or the reple tion program on the 

struc ture and Ihe evolutlon of Ihe population. In any case howeve r, Il Is Impossible 10 deflne 

an aulomatic way of analysing Ihe data, Unde r Ihe assumplion Ihal the spoliai struclure 

(e,g. Ihe experimenlal variogram) does nol change in lime (even if the mean or Ihe 

locations o f Ihe peaks of abundance con change) , oplimization may be used to improve 

Ihe estimalion of Ihe whole stock. More mathematical constrainls should be added to Ihe set 

of equations (see Material and Methods) since the number of sampling units should be 

consislenl with Ihe number of points required for kriging, Il would be Ihen interesling 10 

compare the slrategy provided by the optimization to olhe r stralegies studied in Ihe Bay. 

An inte resting point that was not put forward till no w Is Ihal the kliging me thod allows 10 

compute Ihe recoverable stock, i.e. the area and Ihe stock corresponding to a de nsity 

glea te r Ihan a glven levei. Armstrong e t ai. (1989) used d lsjunc tlve kriglng and conditlo nal 

simulalions 10 estimate Ihe recoverable stock of a population of bivalves. Disjunctive kriging 
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Is also used by Wood et al. (1990) to estimate the probabllity for soil sali nit y to e xceed a 

threshold. If necessary, these techniques could be applied ln our case study. However, It 

would make necessary to use another software pac kage (such as BLUEPACK) able to 

perform these computations. By the same way, some shortcomlngs of the GEOEAS software 

(e.g. no faulls ta ken into consideration, lack of structural analysis) could be overcome. 

Another point deals with the definitlon of the sampling unit. Two klnds of patc hlness 

were observed . The first one was more or less detected by the sampling scheme and was 

defined from the range of the varlogram. The hlgh punctual varlabillty generally observed 

(see replicates) and the Great number of zero values for bo th variables suggest that there are 

aggregatlons of shells and living oysters at a very low spa tial scale (a fe w me te rs) . Some 

available data could not be analysed because of the too Great numbÉlr of zeroes. Another 

sampling unit should then be d e flned ln order to smooth that variability by sampling an area 

of several meters squared (instead of the actual 1.41 m2 of the pate nt tong). An allernative 

could be to sam pie replicates at each location and to consider that the sampling unit is the 

summation of the surfaces of each subunit. 
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ANNE X 

The fol!owing graphs show the isotropie variogram and the mapping yielded 

by the k:riging method on se ven oyster bars named at the top of each page, 

for two variables: 'live weight' of oysters (lwei) and 'blank weight' (i.e. 

weight of blank shel!s') (bwei). 

a) isotropie variogram as a function of the di stance between the sampling 

units: 

* represents the experimental variogram 

represents the spherical model of the previous variogram 

The direction is defined as O· with a tolerance of +/- 90·, which means that 

there is in fact no particulardirection. The model is fitted by eye since sorne 

computed values may appearas numerical artefact due to the lack of pairs of 

points used for the computation. By the same way, sorne values at a di stance 

far beyond the range (i.e. the threshold distance from which the variogram 

is more or less fiat) may be neglected. 

b) mapderived From the punctual kriging at each nodeof regualr grid. The 

kriging equations are solved using the model of variogram to compute the 

weights of each observed value in the linear interpolation. The parameters 

of the model are : 

- the nugget, defined as the value of the variogram at the origin. 

- the sil!, which is the difference between the constant value of 

the variogram beyond the range and the nugget. 

- therange, equal to the distance From which the variogram is fiat 

(i .e. there is no more spatial correlation) . 

The fi gure on the lines of constant level are related to the mean per sampling 

unit. The x, y, and distance values are expressed in arbitrary units. 
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