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ABSTRACT

Line transect techniques wera employed in a survey to determine
the density of the deep—sea rad crab, Geryou quinguedens. Photographs
of the sea bottom were taken In continental slope waters off north-
eastern U, S. from offshore Maryland (380N., 749W.) to Georges Bank
{41.5°N., 66°W.) in July 1974. Water depths at the 33 sampling stations
ranged from 210 to 1,463 meters. Photographs were taken with a sled-
mounted underwater camera system towed along the sea bottom by R/V
Albatross IV. Some of the basic mathematical concepts on which this
survey was based are analyzed and show the utility of the line transgect
mathed. '

PART A: INTRODUCTION

A line transect is a survey tschnique wherein the nusber of organisms
of a given species ars recorded as observed along a path, usually a straight
line, through the survey arsa. The National Marine Fisheries Service applied
this technique in conducting a quantitative photographic survey of the deep-sea
Ted crah, Saryvm quinquedens Smith, off northeastern United Statss in June-July
1974. Survey operations were conducted in continental slope waters at depths
between 229 and 1,646 m in the arsa extending from offshors Maryland (389N., 749W)
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northeastward to the eastern end of Ceorges Bank (41.5°N., 66°W). The primary
purpose of the survey was to obtain quantitative estimates of the number and
biomass of red crabs in that reglon. Secondary purposes were to assess the
size composition of this specles, and to obtain additional information on its
distribution, 1ife history, and ecology. General information resultinﬁ from.
this survey was reported by Wiglsy, Theroux, and Murrsy (1975). Emphasis in
that report was placed on the quantitative distribution of the red crab 1n terns
of density and blomass; ecological and statistical aspects were secondary. The
purposs of the presént report is to review the statistical aspects of line

transect theory as it pertains to this survey.
Materials and Methods

The survey was conducted from shoard the research vessel ALBATROSS IV, a
$7-m vessel operated for the Northeast Fisheries Center by the National Ocean
Survey, Office of Fleet Operations, NOAA. Sampling gear of two types was used
on this survey: (1) an underwater photographic system (Figure 1), which teok in
situ photographs of the sea bottom and constituént spibenthic fauna, and (2) an

otter trawl used to catch red crabs.

Photographs of the sea bottom were obtained for the purpose of detarmining
the density of red crabs. The photographic system consisted of a 70-mm camerz
and stroboscopic light mounted on a large steel sled. Dimensions of the sled are:
2.7 m long, 2.1 @ wide, and 1.9 m high. It was constructed of heavy-gauge 6.4-cm
diameter stesl pipe, mnd rumners 25.4 cm broad and 2.5 cm thick. The sled weighs
1,225 kg. The camera was a Hydro-Products Deep Sea Photographic Camera, Model
PC-705; the strobe upnit was a Hydro-Products, Deep Sea Strob, Model PF-730.

Film used was Kodak Ektachrome EF daylight (color) and Kodak Tri-X Pan (black
and white).

Stations wers pre-selected according to a stratified random design. Previous
information indicated that crab densities could be expected to be highest at
water depths betwsen approximately 250 and 500 m. Thus, a higher propartion
of sampling stations were scheduled for that bathymetric zone. At e¢sch station
whers the sea floor was suitable the photo sled was towed at a speed of 1 to 2

knots. Suitability of the bottom was evaluated by means of echo-sounding just
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Figure 1. Sled-mounted photographic system. Camera is mounted at the
upper right-center of sled (reader's left), the electronic
flash unit is in the forward corner, the power pack is
fastened horizontally at the left center of the sled, and
the orientation pinger is mounted vertically in the rear
corner.

priocr éo launching the photo sled. At shallower depths, less than 585 m, an ELAC
fathometer was used and in deeper water an EDO instrument was used. The tow
duration of the photo sled at each station ranged frem 30 to 75 minutes, depending
on local conditions (bottom roughness, anchored fishing gear, etc.). The camera
was programmed to obtain a photograph every 10 seconds; thus the maximm number of
photographs during one towwas approximately 400, Upon completion of the photo-sled
tow, the film was removed, and a short strip (1 to 2 m) was developed to menitor
focus, strobe light position, exposure, etc. The remainder of the film was brought
to the laboratory ashore and sent to commercial film processors for developing

and printing. A total of 18,000 photographs wa§ obtained at 33 stations. Of this
total, 8,262 photograpns representing the best quality for enumeration purpeses

were selected for quantitarive analvses.
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PART B: STATISTICAL METHODOLOGY

In the usual line transect setup, the obgerver moves along a Lransect
and records the oumber of organisms sighted. However, not all organisms
prasent in the region under study may be actually observed. Tn fact, those
further away from che transect are lass likely to be sighted. Thus observed
density tends to be an undarescimace of che true density of the arganisms. In
order to remove this visibility bias, the investigator may either inflate
the recorded count of the organisms or replace the area of the region by
something smaller, called effective area. The line transect theory provides a

.msthod to determina the effactive area by using right angle distances to the
organismas sighted, for example, see Buruham and Anderson (1976), Eberhardt
{1973), Gates (1968, 1978), and Seber (1973). This is achieved by introducing
the concept of visibiliecy function g(x) defined as the probability of
sighting an organism present at right angle distance x. The shape of the
visibility function g(x) 4s usually reflected in the empirical graph of the
number of sighted ovganisms against their right angle distances. In accord
with ;ntuitiun. these grapha are usually decreasing.

For the data under atudy in this paper, the counts of organisms first
incresse and then decrease wich the right angle distances. This unusual
featura can be, however, explained by decreasing visibility coupled with pro-
grassivity expanding field of view of the camera. This composita effect can
be represented by what we call a weighted visibility function. In what follows,
we use this concept to develop certain methods for estimating populacion

density.

Waeighted Visibility Funcetion and Effective Ares

The camera was mountsd on the sled at an angle with the horizontal. As
a.cunsequanna of this, what appears to be a rectangle in the photograph is in
fact a trapezoid on the ocsan floor. This is displayed in Figure 2, Let a
and H ba the base and the height of tha trapezoid. The length of tha ctrapezoid
at discanca x 18 of the form a + bx , whers b is a dimensiocnless constant.
For our sactup, the numerical values of a, b,_and H are 2.868m, .9€1l, and

$.49m respectively.
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Figure 2: Schematic diagrams of (A) the actual field of view
on tha ocean floor and {(B) its photographic image.

When a crab was detegted on the photograph, its right angle distance x
was measured by superimposing a grid and counting the oumber of squares to the
crab. This procedure was, however, found to be tedious and time-—consuming.
As an alternative o measuring the distances, the field of view was divided
into five zones as indicated in Figure 2, and the number of crabs was counted
for each zone. Originally all the five zones were of equal width. But it was
found that, near the sled, sediment c¢louds obacured the visibility, and therefore,
only the upper half of the first zonme has been analyzed.

Mow, if g(x) is the visibility function, and n(x) 1is the number of

crabs sighted In the trapezoid strip (x, x+ix)

Ela{x)] = 5.D. (a+bx)dx - g{x) , (1)

where s is the tumber of frames (photographs) and D is the density. This
implies that the probabilicy density function f£(x) of recorded x is propor-

tignal to ({(a+bx)g(x) giving

HORC - S S (2)
H

where w = [ (a+bx)g(x)dx. (3)
0
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Furthar, from equation (1) we can estimata density D by

a(x
s{a+bx)g(x)ax '

As is well lmowm, the minimum variance pooled estimace is then given by

- n 1
D=  —
H w
s [ {at+bx)g(x)dx
o]

: ' ()

where n is the total number of crabs racorded on s frames. Becauas of the
nature of equatiom (4), w 1is called the effective area per frame.

In order te utilize (4), we need to know w , which appears as a parameter
in the probability density function of the recorded right angle discances as
givean in equation {2). The parameter « can be estimated in principla frem

these distances. Wa discuss two possible methods in the next two sections.

Exponential Egtimators
The exponential sighting function has received considerable attention in
the line transect literature. For our purposes in the present study we use

g(x) = e-kx . g<x<H | (3)

The graph of the corresponding weighted visibility function (a+bx)e-xx

increases for small x and decreases for large x as needed Iin our present
study. While the appropriateness of the exponential sighting function for our
dara 18 discussed later, we provide the necessary results for estimating the
density here,

The affactive area is given by

AH b -AH AH

) + = (l-a - e . (8)

‘ -
wa=(l-e
Y A2

Tha maximam likelihood estimute of A is the solutiom of

- 1 dw5 - 2 1

Ldw, _2_L1:.a . _ =M _ {a+bE)E -XH
ol (dA row [AZ (-2 ) + e

T I )

whera x 1is the average x.
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Using the mathod of statistical differencials (see Johnscn and Kotz, 1969,

p.29), the asymptotic variance of 0 in (4) i3 given by

Gﬁi 2
" D Var(nm) dA
Var(D) = ™ E E[n] + dzw 4w 2 ] . (8)
—t oy - (Ex9

dlz

The variance to mean ratio 13 known to be related to spatial pattern. It is one
for Polsscn pattarn and exceeds one for aggregated pacttern. Although there

is indication of some aggregation in our data, in the analysis section we have
sat the variance to mean ratio to be one, chus giving an underestimate for

the asymptotic variance of D . We feel, however, that the bias is not seriocus.

Cox Estimators

As Eberhardt (1978) has discussed, the Cox estimators provide estimates of
the density when no parametric form i3 assumed for the sighting functiom.

Putting x = 0 in equation (2) gives

£(0) = ;‘- ()

provided g(0) can be assumed to be unity. The Cox method obtains the

estimate of w by estimating £(0) as folleows.
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Consider the first two zonesg with widths A and 2A respectively. Lac 1,

1
and a, be the observed counts of the crabs in these zones. Then EGEA ) and

n -1
2
EG%A } are egstimated by E% and T The linear extrapelation back to the

origin gives the estimate

8n -0,

£HO) = —tt (10)
Combining (4), (9) and (10) gives Cox estimator
8n, ~-n
~ .1 1 2 (11)
D=7 — Y .
Under random spatial patterm, o, and a, are independent Poisson. It follows
that Var(D) <¢an be aestimated by
6 n, +n
col 2
Var(d) « —— (——2) (12)
(said)

PART C: DATA ANALYSIS

Density Estimatiom by Zome Counts

We fllustrace the mathodology of Part B using zone counts from three
stations (16, 21, 67). Computations and egtimates are summarized in Table 1.
Note that x is computed from grouped data in the form of zoue counts. The
affect of grouping om the estimates is not sizable, as discussed in a later
gection. ‘

We have assumed the expomemtial visibility function for paramerric
approach. This assumption appears reasonable, at least according to the chi-
square tast. The Cox estimates are based on non-parametric procedures that do
not assume & parametric form for the visibility function. It is interasting to
compare the exponentizl estimates with Cox estimates. As expected of non-
parametric procedures, the Cox estimates have larger standard errors. Further
we observe that the two density estimates are close for Station 16. For
Station 21, the Cox estimate is smaller than the exponential estimate,
whereas the reverse 13 true for Station 67. For this reasom, it may be

worthwhile to examine more closely the exponentialicy of the visibilicy functionm.
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TABLE l: DENSITY ESTIMATION YSING ZONE COUNTS aND EXPONENTIAL
SIGETING FUNCTION. (ESTIMATES ARE * CONE STANDARD

DEVTATION)
Photo Zone Number of Crahbs
Station Zone Mid-point Observed Expectad Estimates
(Maters)
16 1 . 305 11 10.7 Exponential Estimatas
by -1, 2. )
beoch: 2 1.22 22 22.5 A= 207a”;welbdla
5302530 @ D = 149 + 30 crabs/ha
3 2.44 22 22.6
' Cox Estimares
334 frames 4 3.66 23 21.5 5 = 15.42 m2
5 4.88 19 19.8 D = 160 & 85 crabs/ha
- 2
x = 2,69 97 Xy " .17
21 1 . 305 17 20.5 Exponential Estimates
s -1 -~ 2
Depth: 2 1.22 40 35.9 i Slam Ty ow 9.92 m
39§ta'2 D = 299 = 48 crabs/ha
-412 = 3 2.44 34 28.0
Cox Estimatas
404 frames 4 3.66 12 20.7 ; - 13.12 mz
5 4,88 17 14.8 D =226 t 79 crabs/ha
- 2
X =2.20 120 X3 * 6.3
67 1 305 18 14.0 Exponential Estimates
~ -l -~ 2
-, yowom 12,24
_ 2 1.22 26 26.5 A=.323m w122
Depth: D = 189 * 36 crabs/ha
412-960 @ 3 2. 44 18 23.1
Cox Estimates
423 frames 4 3.66 17 19.1 ; - 8.72 m2
5 4.88 19 15.3 D = 266 = 77 crabs/ha
R |
- 2 . .
x = 2.41 98 )<3 = 31,5

Appropriateness of Exponential Visibility Function

For each zone, the observed and expected number of crabs were divided
by the zonal area. These densicizs are plocted in Figure 3 against the zone mid-
points. The observed and expected points closely match for Station 16. For

Station 21, the obsarved plot appears to be more like half-normal than exponeanrial.
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The use of expomential sighcing
edtimate the populacion densicy.

the non-paramscric Cox estimata

function in such a case tepnds to over-
This may partly explain the smallar value of

for Station 21. Examination of the plots for
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Station 67 reveals that obsarved points fall off mere rapidly and ares wore
convex than the expected points. In this case, the exponential astimace 1s
likely to be an underastimata. This may partly explain che larger value of
the non-paramatric Cox estimate for Station 67.

In view of the above chservacions, it would be more desirabla to work with
a richer and more flexible family of visibility functions which includes a wide
variaety of shapes, A promising pessibility lies in the exponential-power-

family dafined by

g(x) = exp(-Ax")

This family includes the exponential (y=1), half-normal shapes (y>1), and
shapes mote convex than the exponential (0<y<l). Estimation procedures for

this family are presently under inmvestigation,

Effect of Grouping

For the three scations under consideration, some data was algo available
in the form of measurements of right angle distances. This has enabled us to

study che effact of grouping refarred to earlier. This study is suymmarized in

Table 2. It shows thar grouping tends to underestimate the density estimates and

their standard errors. The bias introduced in the density estimates seems, however,

small for the sizes of the standard errors. Thus, one may choose to work with
zonal count data and not expend any affort in measuring righc angle distances.

In chis context, the question of 'how many zones' should be examined further.
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TABLE 2: GROUPING E¥FECT ON EXPOMENTIAL ESTIMATES

Stacion 16: Sl Crabs

Ungrouped Estimatas Grouped Estimatas
x=2.23m Xw2.26n

A= .400 @t % =.387qt

% = 10.26 o’ w = 10,55 n*

D = 240 * 55 crabs/ha . D =233 £ 54 crabs/ha

Secacion 21: 93 Crabs

Ungrouped Estimates Grouped Estimates
x=2.2lun x = 2.30m

X w4100t X =370 0t

v = 10.01 o’ = 10.96 o’

[w B

D = 297 * 53 crabs/ha = 271 * 49 crabs/ha

Station 67: 52 Crabs

Ungrouped Estimates Grouped Estimates
x=1.99m =207 m

A= .5100t As 4720t

v = 8.12 o w = 8.77 m

D = 285 * 62 crabs/ha D = 264 £ 58 crabs/ha
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TABLE 3:

36 10 38 3% 18 51
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SIGHTING DISTANCES BY STATION

Scation 16:

86 163 122 142 142 142 102 117

173
254
305

498

10

81
132

274
254

335
371

427

46

112
81

203

305

61

51 Crabs

173 127 6L 173 147 168 112

183 295 "224 183 239 254 264 213 254 193 213 264

396 335 366 335 396 325 361 335 325

503 488 498 498

93 Crabs

Station 21:

5 25 20 5 20 51 25 31

la2 132 147 112 61
76 61 142

305
254

386
305

457

244
198

kt-1)
3586

427

183
133

356

318

41 41 30 41

153

185

335 305 351

107

244

132

279

239
264

386

457

81 122 61 61 168 81

2764

183
290

335

457

76 91 152 165 163 142 71 168
112 142 152 132 132 158 122 158 158

239
284

396

427

264
183

340

488

Station 67:

198 244 290 224 302
295 254 183 239 254

356 305 305 345 356

32 Crabs

193

213

396 366 366
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422

224 213 193 133 239

186 416 366

6L 152

234 234
193

315 330

81 112 152 173 163

284






