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PREFACE
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for bis help with the computor side of compiling this manuscript.
Further thanks are due to the many persons who gave their time and informalion, in alphabetical order:
Dr. B J.T. Batt (Delta Waterfowl + Wetland Res. Inst., Manitoba, Canada), Dr. G. Cadée (N10Z), Dr. F. Colijn
(Rijkswaterstaat), Dr. N. Dankers (RIN), Dr. A. De Cock (CBS), Drs. K. Dijkema (RIN), Dr. H, Farke (Nat. Parks
Adm., Wilhelmshaven, W. Germany), Dr. J. Hubbard (NOAA, Rockville, Maryland, USA), Drs. B. Ibelings (Lab.
of Aquatic Ecology), Dr. H. Michaelis {Marine Res. Inst., Norderney, W. Germany), Dr. P. Nienhuis (Delta Inst.),
Drs. G. Pellikaan (Delta Inst.), Drs. K. Philippart (RIN), Ir. G. Van Banning (RIVO), Dr. P, Van der Hoeven
(KNMI), Ir. H. Van der Kamp (RIVO), Drs. W, Verheugt (ICBP, Cambridge, UK), Dr. M. Visser (KNMI), Mr. M.
Wernand (NIOZ) and Dr. P.Whelan (Botany Dept., University College Cork, Ireland).
Last-but-not-least I would like to express my thanks to the other staff members of the lab, for their friendship and
stimulation,

ABSTRACT

Wasting disease of the 1930's

An attempt was made to correlate wasting disease of the 1930's with factors such as seawater temperature, salinity
and sunshine, in order to establish a possible link with mechanisms behind climatic cycles, such as the sunspot
cycle, and the related Russell cycle.

Europe. Salinity and seawater temperature fluctuations could not have contributed significantly to eelgrass stress,
but there is a good correlation with reduced sunshine and raised turbidity levels. This correlation was verified with
an existing computor simulation model for eelgrass growtb. In the Netherlands, the response of eelgrass to adverse
light conditions was probably much enhanced by the activities associated with the closure of the Zuyder Sea in
1932.

USA. Salinilies and temperatures were above average, but ccrtainty not uniquely or dramaticaüy so, while sunshine
was well above average. No possible causal link could be established between climatic factors and wasting disease
inidation. This lends support (o the suggestion by Short et al (1987) that the wasting disease epidemie was perhaps
caused by the emergence of a pathogenic strain oi Labyrinthula.



Present concütions

Recent reports of recurrence of wasting disease have made it desirable to re-assess present eelgrass condition.

The Netherlands. Eelgrass in the Dutch Wadden Sea has declined to the point of virtual disappearance. Probable
main causes are: increased turbidity, competition with macro-algae and toxic pollution, A simulation model
experiment shows thal eelgrass growth is almost impossible under the present environmental conditions except,
perhaps, for marginal growth of annual specimens. A die-off of eelgrass beds occurred in Lake Grevelingen in 1987,
but plants did not clearly display wasting disease symptoms. Simulation experiments showed that reduced amounts
of siinshine may have played an important role in this decline. The wasting disease-like symptoms did appear later
in the season, and a pathogen-Iike stram oi Labyrinthula (the probable wasting disease pathogen of the 1930's) was
isolated from infected tissue. The situation is dormant in these winter months, but it would be very interesting to
monitoi the situation in the next growing season.

Roscoff, France. Eelgrass plants from Roscoff show wasling disease symptoms, and several Labyrinthula spp.
were isolated from lesions on leaves. One of them appeared to be pathogenic. These symptoms occur in herbarium
specimens from the mid-1970's onwards, but no eelgrass dedine has occurred so far, due to the infeetion.

USA. Reports from ihe USA record several local eelgrass declines, and a widespread occurrence of a pathogenic
strain of Labyrinthula. However, one cannol yet conclude that an epidemie such as that of the 1930's is at hand.

Possible cyclic nature of wasting disease ?

The data are too incomplete to be conclusivc, but one may tentatively state that there is no apparent causal link
between factors such as temperature, salinity and sunshine, and wasting disease, that can account for the scale of the
epidemie of the 1930's. One can only state that sunshine probably played an important role in Europe. Without an
apparent causal link, one can only speculate about the effects of the sunspot cycle on eelgrass. If a second wasting
disease epidemie develops out of the present "first signs", one can conclude that the sunspot cycle and wasting
disease are remarkably well in phase. A causal link must then be sought in another direction, such as the
introduction and removal of species by encroaching, warmer, southern waters.

IV



Parti

INTRODUCTION

Wasting disease symptoms and history

The term "wasting disease" is applied to the epidemie that struck the North Atlantic populaüon of the marine
phanerogam Zostera marina L. in the early 1930's. The plants declined and wasted away, hence the name. It is the
greatest known decline of this species, as it was almost wiped out simultaneously in much of its radius on botb the
American and European sides of the North Atlantic. The symptoms appeared to be uniform. Small brown lesions
developed, even on young leaves, that gradually became larger and darker, and finally covered most of the leaf. This
process took several weeks, and these dead leaves were eventualiy sloughed off, sinking to the sea-bed. Rhizomes
were generally reported to be unaffected, at least in early stages of the disease (Van der Werff, 1934), but others
report discoloration (den Hartog, 1987). Iu any case, rhizomes usually survived for one or more seasons, but
evenlually succumbed to this repeated defoliation that exhausted plant reserves.

The disease first appeared in 1930 on the east coast of North America, in Virginia (Lewis, 1932; Huntsman, 1932),
and was first reported in France, on the European side of the North Atlantic, in 1931 (Fischer-Piette et al, 1932). It
was first thought that this time difference between first recordings represented a spreading of the disease from
America to Europe, but later reconstructions indicate a synchronous occurrence (Rasmussen, 1977; den Hartog,
1987). As the extent of the epidemie became evident, it received much attention from the scientific world. After
initial indications that a bacteria (Fischer-Piette et al, 1932) or an Ascomycete fungus, Ophiobolus Iwtimus
(Petersen, 1936; Mounce and Diehl, 1934) was the etiologic agent, there gradually emerged a consensus that a slime
mold-like protist, Labyrinthula macrocystis Cienkowski, was the primary pathogen (Renn, 1935, 1936; Van der
Werff, 1938; Young, 1943). However, this did not suffice to explain the wasting disease phenomenon. L.
macrocysüs was found to occur as an endo-parasite or saprobic organism in many normal eelgrass stands, such as
the then unaffected Pacific population (Young, 1938), and it was also found to be common as a norrnal secondary
decomposer in other marine plants, such as algae and other seagrasses (Young, 1943; den Hartog, 1987). The
question remained, what had made L. macrocystis virulent ? Many hypotheses were proposed, such as siltation
(Milne and Milne, 1951), pollution (Milne and Milne, 1951), precipitation extremes (Martin, 1954), salinity
extremes (Young, 1938,1943), deficiency of sunlight (Tutin, 1938) and abnormally high water temperatures (Renn,
1937; Rasmussen, 1977). None of these were conclusive, however, and at best they showed a reasonable correlation
with decline in eelgrass beds, albeit never being generally applicable to the entire North Atlantic region.

During the period following wasting disease, eelgrass beds showed repeated recovery and new outbreaks (Addy and
Aylward, 1944; Rasmussen, 1977; den Hartog, 1987). True recovery did not seem to take place until the period
1955-1965, and even then it was not complete in many areas (Rasmussen, 1977; Short et ah 1988). Outlines on the
history of the epidemie are given by Johnson and Sparrow (1961), Pokorny (1967), Rasmussen (1977), and more
recently by Short et al (1986), den Hartog(1987), Whelan and Cullinane (1987) and Short et al (1988).



Renewed interest

Interest in wasting disease was re-awakened by recent reports of a possible recurrence of the disease, both in North
America (on the east coast, ftom Nova Scotia down to North Caralina, and on the west coast, in Washington; Short
et al, 1986, 1988) and Europe (Exmouth, England, and St. Efflam and Roscoff, France; Short et al, 1988). The
situation seems to be parallel to the epidemie of the 1930's: the overall symptoms on the plant are very sitnilar, a
virulent strain of Labyrinthula has been isolated from infected North American plants (Short et al, 1987b), and there
seems to be a simultaneous occurrence on both sides of the Atlantic. Whether this phenomenon will manifest itself
on such a widespread and destmetive scale as in the 1930's remains to be seen. Disease related die-offs of eelgrass
beds have been confirmed in Maine, New Hampshire and Massachusetts {Short et al, 1987), but the authors are
reluctant to label it an epidemie. No clearly disease-related die-offs have been recorded in Europe up to now.
Infected plants were common in Roscoff, but this was apparantly not causing any die-off (Den Hartog, pc. 1987).
Eelgrass decline was reported in Lake Greveüngen, the Netherlands, in the late summer of 1987 (Van Lent, p.c.
1987; personal observation), but wasting disease-like symptoms were not clearly present at the time.

Aims of present study

The objectives of this study were:

a. An analysis of climatic and oceanographic data (esp. water temperature, sunshine, precipitation and salinity) in
ordei to elucidate the possible relationship between eelgrass populalion dynamics and sunspot acüvity cycles, as
proposed by Glémarec (1979).

b. In a broad sense, a study of the condition of Zostera manna stands in the Dutch Wadden Sea, whereby total area,
biomass and condition of individual plants comprising these stands were to be investigated. Special attenüon was to
be paid to possible infections with Labyrinthula macrocystis and epiphyte composition and densities.

Objective a) was approached in several steps, whereby the following questions were tackled:

i) What climatological mechanism may explain the occurrence of wasting disease in the 1930's ? (starting with data
from the Netherlands, later expanding to Europe and the North American Atlantic region)
ii) If such a mechanism is plausible, what periodicity is to be expected, and does this coincide with past declines in
eelgrass populations ?
iii) Is there a general correlation between sunspot acüvity cycles and eelgrass decline ?

Objective b) had to be modified, as it became evident thal one could no longer speak of an eelgrass population (other
than very ephemeral and transient) in the Dutch Wadden Sea (Dijkema, p.c. 1987; personal observations, see part 3).
The trend of rapid deterioration that was noticed between 1972-5 (den Hartog and Polderman, 1975; Polderman and
den Hartog, 1975; Schellekens, 1975) had obviously taken its toll, and all that remained were rarely encountered
individual plants with an annuai habit (Dijkema, p.c. 1987; Bellemakers, p.c. 1987). Eelgrass collècted at Roscoff
(Brittany, France), two localities in the Gennan Wadden Sea (Jadebusen and Crildumersiel) and at several localities
in Zeeland Province, the Netherlands (Lake Grevelingen, Lake Veere, Zandkreek) were examined instead, for signs
of wasting disease symptoms and occurrence of Labyrinthula spp..



Part 2

CLIMATE AND WASTINQ DISEASE OF THE 1930'S



WHY FOCUS ON CLIMATIC FACTORS ?

Causes in retrospect. As was stated in the introdiiction, the question remaining in the wake of the wasting disease
epidemie was what had actually caused it ? The pathogen was identified, but why hadn't it caused widespread
eelgrass tnortalities before, and why did it occur simultaneously on such a wide scale in the early 1930's 7

A host of mechanisms were forwarded, but raany of these were either oniy hypothetical or otüy explained local
die-off of eelgrass. Degradation mechanisms (those forwarded to explain wasting disease are maiked with an
asterix) operating at a local scale include:

- mechanica] dantage: herbivory by ducks and geese (Wolff et al, 1967), herbivory by turtles and flsh (Kirkman,
1978), uprooting by flsh (Orth, 1975), harvesting by man (Van Goor, 1921; Van der Werff, 1934), boat propellers
(Clark, 1975) , silt deposition (Martinet, 1782; Milne and Milne, 1951*; Martin, 1954*; Kirkman, 1978),
ice-scouring (Lewis, 1932; Tutin, 1942); storms (Lewis, 1932).

- chemical mechanisms; pollution by oil (Duncan and Cotton, 1933*), urban and industrial waste (Milne and Milne,
1951 *), oxygen depletion and toxification of sea-bed (Nienhuis, 1983), eutiophication (Duncan and Cotton, 1933*).

- deskcation of exposed parts, due to tidal extremes (Van der Werff, 1934*; Tutin, 1942).

Short et ai (1988) approach the problem of simultaneous, widespread occurrence from the theoretical end, and state
that two possible mechanisms underlie wasting disease. Either the pathogen was harboured at one locality, and was
spread rapidly from there, or it was universally present and some external factor operating on a widespread (North
Atlantic) scale triggered the disease. Short et al coasider that there is little evidence for the former, and propose
several theoretical mechanisms for the latter:

i) The pathogen was an obligate pathogen that occurred at low densities; a widespread external influence created a
stress in the eelgrass populaüons or increased the virulence of the pathogen, or both occurred simultaneously.

ii) The pathogen mutated from a non-aggressive secondary decomposer to a pathogenic form, under influence of a
widespread external factor.

iii) A long-term life cycle exists for the pathogen that includes an inactive form, such as a cyst, and a widespread
extemal factor initiated the disease.

From this theoretical approach we may conclude that either the disease was spread by a vector, or it was triggered by
a widespread external factor (through a variety of possible mechanisms). As Short et al (1987a) report, there is little
evidence to support the occurrence of a vector mediated epidemie, although, admtttedly, there are insufficient data
available trom the 1930's to determine if the disease may have spread from a single location, Indeed, the records do
not allow a reliable chronological reconstruction, as later recordings often simply imply a later observation and not a
later occurrence of the disease. It is difficult to conceive a transport mechanism, however, that could have
accomodated such a rapid dissemination.



Vectors

The possibility of vector-bome disease transmission was briefly investigated in the course of this study.

Bird species that regularly consume eelgrass and occur on both sides of the Atlantic are: Anas acuta (pintail duck),
A. crecca (green-winged teal), A. platyrhynchos (niailard), Branta bernicla (brent goose) and Cygnus olor (mute
swan) (McRoy and Helfferich, 1980; Nienhuis, 1984). Only Branta bernicla typically feeds on eelgrass in North
America, and would have populations shared between the two continents. Cygnus olor occurs on both continents as
a result of its introduction into North America by man, but there is no exchange between the continents, A. acuta and
A. platyrhynchos only very rarely exchange back and forth, and are not profound consumers of eelgrass. A. crecca
alniost definitely does not share populations between Europe and N. America (Batt, p.c. 1987). Several arguraents
oppose a vector role by B. bernicla, Deeper stands of Zostera marina were affected first, whereas birds graze in
shallow waters. Secondly, the eelgrass pathogen would have had to be retained over a summer cycle within the
Aictic circle, with Greenland as the probable population exchange area; however, the birds converge on the northern
and north-eastern coasts of Greenland (Handboofc of Birds of Europe, the Middle East and North Africa, Vol.1),
while eelgrass stands are off the south-westem coast (den Hartog, 1970). Thirdly, there is no complete overlap
between B. bernicla and wasting disease occurrence. For example, wasting disease occurred in wesleni Sweden
(Molander, 1933), but B. bernicla never occurs there; B. bernicla flocks were comtnon in the Moray Firth, Scotland,
up to the 1930's (Atkinson-Willes and Matthews, 1960), but wasting disease was not reported from this locality.
Bird mediated dispersal of wasting disease cannot be outruled, but it is bighly unUkely that it caused a rapid
disseminaüon between Europe and N. America.

Ocean currents. These are soon outruled as a possible candidate for wasting disease dispersal across the North
Atlantic, as it would take at least several months, but more probably up to several years (Thurman, 1975; Wiebe,
1982). This would be too long to explain the simultane ous occurrence. Currents do, however, explain the local
dissemination of fhe disease, as pointed out in Danish waters by Blegvad (1934) and in the Dutch Wadden Sea by
Van der Werff (1934).

Man. It is unlikely that boats transported infected tissue across the Atlantic, as large ocean-going vessels do not
venture into shallow waters where eelgrass typically occurs, and it is hard to picture a mechanism by which eelgrass
may remain adhered to a boat's huil in the course of a trans-Atlantic crossing.

One must conclude that a hypothesis involving a vector is somewhat far-fetched, and strains the imagination, Other
avaüable evidence also indicates that wasting disease was not an isolated phenomenon, only involving Zostera
marina, Labyrinthuta macrocystis and a vector. Evidence is gradually emerging that the early 1930's were quite
turbulent for marine organisms of the North Atlantic, and changes seem to coincide with a northward extension of
wanner, southern waters (Cushing and Dickson, 1976; Cushing, 1982; see part 3).

Climatic events may not only help explain the widescale simultaneous occurrence of wasting disease, but their
study may also give a clue to possible recurrences of such epidemics. Indeed, the proposal that certain long-term
cycles in eelgrass bed dynamics may be influenced by solar cycles (via effects on clünate) forms one of the grounds
for (his study.



AUTECOLOGY OF HOST AND PARASITE

Autecological responses to specific environmental parameters, such as temperature, salinity, iUumination and depth,
fonn a handy instrument for judging the impact of climatic irregularities on host/parasite relationships. Strong
aberrations may swing a balance between the two in favour of either one, and it is suggested that such an occurrence
may have initiated the wasting disease epidemie of the 1930's.

The influence of environmental parameters on 'Znstera marina growth has been summarized in the past by Setchell
(1929), Tiiü'n (1938, 1942), den Hartog (1970) and Burrell and Schubel (1977). More recent are papers on light and
temperature relationships, scattered throughout a number of journals (Backman and Barilotti, 1976; Bulthuis, 1987;
Dennison, 1987; Dennison and Alberte, 1982, 1985; Fonseca et al, 1983).

Species of Labyrinthula have been widely studied in the past decades, but nevertheless their phylogeny remains
poorly understood. Since being first described by Cienkowski in 1867, they have been variously assigned to the
Protozoa, algae, Mycota and Protista {Moss, 1987), a confusion that nicely demonsttates their diverse taxonomie
affiliations. In textbooks on mycology, for instance, they are often classified as a separate order of the class
Plasmodiophoromycetes (Gams, 1979), while in zoological works they are often placed in their own phylum,
Labyrinthomorpha (Levine et al, 1980). In works on wasting disease they are often referred to as mycetozoans
(Renn, 1934, 1936) or slime molds (Den Hartog, 1987), but are more carerully referred to as "slime mold-like
protists" (Short et al, 1988). General information and notes on how to culture Labyrinthula spp. are given in Young
(1943), Vishniac (1955), Johnson and Sparrow (1961), Pokorny (1967), Sykes and Porter (1974), Moss (1987) and
Porter (1987). The influence of environmental parameters on Labyrinthula growth has been summarized by Young
(1943), Johnson and Sparrow (1961) and Pokorny (1967).

Table 1 gives the response of both Zostera marina and Labyrinthula macrocystis to a number of important abiotic
parameters. For obvious reasons, the first three (temperature, salinity and illumination) are most important when
•Assessitig the effects of climatic events. With regard to temperature, Z. marina has a lower optimum than L.
macrocystis (15-20°C, and 16-24°C, respectively), The same also applies to salinity, where Z. marina's optimum is
reported to be 10-30%e, while that of L. macrocystis is reported to be 22-40%e or even 30-42%& Eelgrass growth is
strongly determined by light conditions (Dennison, 1987; Dennison and Alberte, 1982, 1985), while that of L.
macrocystis is independent of iUumination. Summarizing, the following circumstances:
- water temperatures above about 20°C
- salinides above 30%o
- reduced light conditions are (each) more favourable for the parasite than the host. It is highly unlikely, however,
that small shifts past these thresholds could have induced wasting disease. For such a catastrophic event to occur, the
vitality of the host would have to have diminished due to stress. Stress occurs in Z. marina if water temperatures are
above about 25 °C, salinity is above 32-42%o or if illumination conditions are much reduced. Conditions inhibiting
the proliferation of L. macrocystis are water temperatures below 16°C, and salinities below 12-15%o.



Table 1: Relationship between Zostera manna, Labyrinthula macrocystis and abiotic factors.
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CLIMATE AND WASTING DISEASE IN THE DUTCH WADDEN SEA IN THE
1930'S

TEMPERATURE

The exact relationship between temperature and Zostera marina growth remiüas uncertain, in spite of Setchell's
(1929) often cited findings. He proposed a very specific growth range of 10-20°C, with an optimum of 15°C for
vegetaüve growth and 17-18°C for generative growth. Temperatures above 20°C and below 10°C were assumed to
be growth inhibiting. As Bulthuis (1987) points out, most investigators today dispute Setchell's absolute temperature
ltniits. Many authors flnd that eelgrass growth is not, or only slightly controlled by water temperature under many
circumstances (Phillips, 1974, in Bulthuis, 1987; Jacobs, 1979; Wium-Andersen and Boram, 1984). Others find that
tolerance levels are well above Setchell's upper limit of 20°C, What complicates matters is that there probably is a
certain amount of phenotypic variation in temperature tolerance of Z. marina, and that in vitro experiments with
temperature/photosynthesis responses do not correspond with observations in the field. In the laboratory,
temperature optima for photosynthesis lie well above temperature optima for plants in the field (Bulthuis, 1987).

At photosynthetically saturating light levels, the optimum temperature may be as high as 30°C, while at low light
intensities it may be as low as 5°C (Marsh et al, 1986; Bulthuis, 1987). This phenomenon is largely deternüned by
respiration levels (Marsh et al, 1986), that increase sharply with increases in temperature. What is evident is that a
combination of high water temperature and low irradiation results in a reduction of net photosynthesis. One may
further add that L. macrocystis has a higher temperature optimum than Z. marina (16-24°C and 15-20°C,
respectively), and that temperatures between approximately 20-24°C would probably favour the parasite more than
the host.

The hypothesis that abnormally high summer seawater temperatures initiated wasting disease has largely been
advocated by Rasmussen (1977), who backed this with data from Denmark. Summer and winter seawater
temperature data of the Dutch Wadden Sea (adapted from Van der Hoeven, 1982) were investigated for the period
1861-1982. The results are given below in table 2 and fïg. 1.

Data from West-TerschelÜng (mid-northern Dutch Wadden Sea) show the same pattern as that of Den Helder
station. One may conclude from these data that seawater temperatures of the Dutch Wadden Sea of the early 1930's
do not support a hypothesis of a temperature-induced eelgrass decline. Temperatures were slightly above the
long-term average, both in winter and summer months (see fig 2), but not uniquely so, and certainly not dramatically
so. The highest temperature recorded in the summer months of the period 1930-35 was 19.0°C, for both Den Helder
and West-Terschelling, both in August 1932. These slighly raised temperattires do not account for a physiological
slressofZ. manna,

Slightly raised water temperatures may have aggravated an already prevailing epidemie, as this situation favours
parasite growth above eelgrass growth. At the most, however, this only represents a slight shift of optima.
Long-term data indicate that the then prevailing combination of high water temperatures and below average summer
sunshine was fairly unique this century. An already occurring epidemie may also have been sümulated by the higher
winter water temperatures, resulting in a higher survival rate of the parasite.
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Table 2: Seawater temperatures of the Dutch Wadden
Hoeven, 1982).

sunimer ( J u l y , Auqus t . Seotember)

l o n g - t e r m average 1S6Ü-1982 = 16.g°C

d o p a r t u r e s from norm: mors than + 2°C :

+ 1°C :

0°C :

-G.7°C :

0 .9°C :

0 .9°C :

winter (January, Februarv. flarch)

long-term average 1860-1982 = 3.7°C

departures fram norm: more than +2°C :

f1aC :

+O.B°C :

+G.1°C :

+D.9°C :

+0.2°C :

Sea (Den Helder station; data Van der

1868,

1061 ,
1875,
1939,
1973,

193D

1931

1932

1933

1863,

1862,
1874,
1899,
1915,
1923,
1935,
1 9 6 1 ,
1975

1930

1931

1932

1933

1947

1B65,
1880,
1947,
1976,

1866,

1867,
1877,
191Ü,
1916,
192S,
1943,
1967,

1866,
1884,
1959,
1982

1869,

1868,
1878,
1912,
192G,
1926,
1948,
1973,

1872,
1911 ,
1969,

1882

1872,
1884,
1913,
1 9 2 1 ,
1927,
19 57,
1974,
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Figure I: Surface seawaler tempera tures, Den Helder station, 1910-1987
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Figure 2: Summer versus winter seawater temperatures, Den Helder, 1861-1934.

SALINITY OF THE DUTCH WADDEN SEA

Salinity of coastal waters is closely correlated with precipitation (+ related river discharge) and insolation, especially
in confined waters such as bays, and near estuaries, though occan currents may play a role. As recorded in the
previous chapter, Zostera marina's salinity optimum is about 10-30%e>, while that oi Labyrinthtda macrocystis is 22
(or 30) - 42%o. The parasite is not reported to be pathogenic at salinities below 12-I5%o. Z. marina's upper tolerance
level is uncertain, probably being somewhere in the range of 32-42 %o (depending on phenotype, exposure time, etc
..)• The hypothesis that salinity anomalies may have initiated wasting disease has been advocated by Martin (1954),

who correlated wasting disease with precipitation extremes: drought in the eastern USA, and excess rainfall in
western Europe.
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Data on the salinity of the Dutch Wadden Sea were adapted from Van der Hoeven (1982), and are given below in
table 3, for the stations Den Helder and West-Terschelling.

Table 3; Salinity of the Dutch Wadden Sea

(in %o's, based on monthly values, adapted from Van

Den Helder long-term

year
1930
1931
1932
1933

West-Terschelling long-term

year
1930
1931
1932
1933

der Hoeven

average,

minimum
27.2
27.3
27.2
29.4

1982).

1861-1981 =

maximum
3 1 . 9
3 0 . 1
3 0 . 3
3 1 . 9

average 1919-1981 =

minimum
25.8
26.4
28.0
29.1

maximum
3 3 . 0
3 1 . 4
32 .2
3 2 . 9

30 IV,

a v e r a g e
30
29
29
30

3 0 . '

1
1
4
6

Ifc

a v e r a g e
30
29
3 1
31

. 1
3

. 2

. 3

The greatest dynatnics in salinity occurred at West-Terschelling, where the salinity range for the period 1930-33 was
25.8 to 33.0%o. For Den Helder this range was 27.2 to 31.9%o. These extremes do not suggest that physiological
stress occurred in the host plant due to saliniiy anomalies, as even the higher values (of up to 33 %o) are by no means
urüque. Salinities of 33%c or more were recorded at least a dozen times at the Den Helder station in the period
1861-1930, with no apparent adverse effects on eelgrass stands. At the West-Terschelling station, salinities of 33%o
or more were recorded four times in the period 1919-1930 (records from before 1919 are lacking), also without
recorded effects.

At the lower end of the salinity range, eelgrass was much less affecled by wasting disease (Van der Werff, 1934;
Blegvad, 1934; Harmsen, 1936; den Hartog, 1970, 1987), which agrees with the observation that L. macrocystis is
not pathogenic at salinities below 12-15%o. However, this relationship is further complicated by the fact that plants
of high and low salinities may show great phenological differences. For example, euhaline sites may bear a
broadleaved, perennial subüttoral form of eelgrass, and a mesohaline site may bear an annual, narrow-leaved form

12



of the littoral zone. Where mesohalinity coincides with the littoral zone, other factors such as temperature extremes,
light regime and desiccation also complicatc the relationshlp with salinity,

SUNUGHT IN THE DUTCH WADDEN SEA

(ntroduction

Light limitation is probably the most important factor determining the lower end of the vertical distribution of
Zostera manna (Backman and Barilotti, 1976; Dennison and Alberte, 1985). In spite of this, this factor received
little attention in the studies that appeared in the wake of the wasn'ng disease epidemie. Most studies focussed on
pathogenic organisms (Renn, 1936,1942; Mounce and Diehl, 1934; Tutin, 1934; Young, 1943), extent of eeJgrass
stand damage (Cottam, 1933-1949; Butcher, 1934; Molander, 1933; Blegvad, 1934; Renn, 1934, 1936a, 1936b,
1937), or environmental factors such as salinity (Martin, 1954) and temperatures (Martin, 1954; Rasmussen, 1977).
The only reference to the possible adverse effects of poor light conditions was made by Tutin (1938), who reported
that the British Isles received 20% less sunshine in 1931-2, and suggested that « enfeeblement of the plant due to
lacfc of sunshine in 1931-2 is the fundamental cause of the epidemie » . The suggestion was rejected by Atkins
(1938), who demonstrated that the 20% deficiency of sunshine was by no means an abnormal phenomenon in the
Brilish Isles, and that in other years such a deficiency did not lead to noticeable mortalities in eelgrass stands. Atkins
was convincing, and all later authors adhered to his conclusions, ruling out light limitation as a possible trigger
mechanism for wasting disease.

The lines of argument presented by both Tutin and Atkins, however, harbour several inaccuracies that warrant closer
scnitiny, Firstly, both stake their arguments on annual sunshine figures, which are far too broad to be of biological
significance. Far better would be to observe sunshine data of the period of eelgrass growth; for Z. marina in the
Netherlands this is usually in the period May to September (Verhagen and Nienhuis, 1983; Nienhuis, 1984).
Furthermore, hours of sunshine should be converted to units of PAR (photosynthetically active radiation, i.e. in
wavelengths 400-700nm), per unit of time and area, as the amount of PAR per hour of sunshine varies throughout
the year, depending on the declination of the sun. Secondly, eelgrass depth distribution should be considered when
determining the effects of reduced illumination. Light levels that are photosynthetically saturating for a stand at lm
below MLWL may be below the light compensation point for a stand at 3m below MLWL. Thirdly, factors that
influence the attenuation of light in water should be regarded in combination with variations in amount of PAR.
Increases in turbidity may amplify adverse effects if, for instance, they coincide with reduced sunshine levels.
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Monthly hours of sunshine

Data on hours of sunshine were obtained from the annual repoits of the Royal Dutch Meteorological Institute
(KNMI) at De Bilt; long-term figures were obtained from Braak (1937) and Muller (1983), Monthly and annual
totals are given below in table 4, for the station Den Helder (De Kooij), that lies in the western part of the Dutch
Wadden Sea. Conspicuous is the apparant excess of sunshine in Maren (1931: +67%; 1932: +40%; 1933: +42%)
and the deficiency of sunshine in May (1931: -27%; 1932: -25%; 1933: -26%) and July (1931: -14%; 1932: -11%)
in the years during which wasting disease occurred. Annual total hours of sunshine, however, were slightly above
average for all years 1930-1934.

(data adapted

years

1930
1931
1932
1933
1934
1909-1936
Muller
(1983)*

Table 4

Erom KNMI

j

56
41
57

78
48

46
54

* Muller does
the values are

F

95
66

100

116
97
77

74

not <

the

: Monthly

annual reports)

M

146
210
177

178
118

125
127

give

A

151

166

153
153
160
175
181

the
average

M

205
177

182
179
234
244
227

hours

j

266
251

243
223
233
226

238

of sunshine, Den Helder

j

224
186

193
230
278
217
217

A

229
214

223
243
223
203
207

S

121

167

148
192
202

151
151

O

97
137

89

97
84

98
102

N

55
38
39

44
31
52

48

D

37
44

54
71
10

34
40

exact period, but states that
o£ 75 years

annual

1680
1697
1657
1806
1717
1649
1665

Fig. 3 displays average monthly hours of sunshine for Den Helder. As was stated in the previous paragraph, it is
PAR that is of primary importance to photosynthesizing plants, and not hours of sunshine. Hours of sunshine were
converted to total radiation (i.e. radiation with wavelenglli 3OO-3OOOnm, expressed in W/m1.day ) by means of a
regression equation and conversion tables given by Frantzen and Raaff (1982). Global radiation was converted fo
PAR (400-70Qnm) by multiplication with a factor 0.45 (Luning, 1981; Colijn, 1982), and subsequently expressed in
Jfcm2.day. These values are given in table 5.

The departures from the norm are less outspoken for PAR than they are for hours of sunshine: the above-average
March values are 1931, +34%, 1932, +21%, 1933, +22%, and the below average May values are 1931, -16%, 1932,
-15% and 1933,-16%.
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(in Joules per

year

1931
1932
1933

square cm

j

103
115
133

1909-36 106

Table 5

per day).

F

208
253
273
222

M

536
482
488
399

A

626
602
600
640

: PAR at

M

741
747
744
883

J

958
944
899
897

Den Helder

j

782
796
875
842

A

754
773
813
726

S

519
488
564
490

0

335
269
281
282

N

122
122
128
136

D

87
95
107
80

The question remains, of course, whether these departures from the norm were unusual, and could they have had
adverse effects on eelgrass stands in the Dutch Wadden Sea? In flg, 4 hours of sunshine during May-August
(==primary growing season for Z. marina in the Netlierlands) are given for the period 1909-1987. Viewed at tliis
scale, the years 1931-3 appear to have received average hours of sunshine during the growing season. May and July
werc decidedly dull during 1931 and 1932, as is illustrated in fig. 5. For the May months one may conclude that
these were unusually dull compared to the preceding decades, though seawater temperatures were above normal.
The July months of 1931 and 1932 were dull, but not uniquely so. The combination of two dull months (departure
from the norm, hours sunshine, more than 10%) during the growing season in two consecutive years is fairly unique,
as it occurred only once before in the period 1909-1931, during the years 1912-3. No decline in eelgrass stands off
the Duich coast are known from this date, but Cottam (1934, 1935) reports a decline for populaü'ons of the French
coast for 1913.
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Figure 5: May and Ju!y sunshine (+ seawater temperature), Den Helder, 1909-1936.

The effects of reduced illumination on eelgrass growth may be regarded in relation to speciöc photosynthetic
responses of the plant, ie. compensation point and saturation point. The compensation point of Z. manna is
approximately 17 J/cm2.day. (average of values given by Dennison and Alberte, 1982; Verhagen and Nienhuis,
1983 and Dennison, 1987), and its saturation point is about 123 J/cm2.day (average of values given by Verflagen
and Nienhuis, 1983; Dennison and Alberte, 1985).

Light attenuation in water may be calculated via the Lambert-Beer equation:

lirlo-e
-k.H

whereby IH is the light intensity at depth H, l0 is the light intensity just below the water surface and k is the light
attenuation factor (ptoperty of water, depeadent on turbidity) (Jerlov, 1970). On the basis of monthly PAR values
one may calculate the average depth at which the light intensity averaged at compensation or saturation point of Z.
mart na. These calculations are displayed graphically in fig. 6, below, for the years 1931-33, and for the average
PAR values of the period 1909-36. K was regarded as a constant 0.9 (as calculated by Giesen et al, 1989b, for
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pre-wasting disease Wadden Sea areas with eelgrass stands). From fig. 6 one may conclude that eitlier reduced light
condiüons had little or no effect on eelgrass physiology, or a calculation based on monthly PAR averages and a
constant k-value is too crude an instrument to detect these effects. In the next section, the effects of changes in
turbidity on eelgrass growth are dealt with. Calculations based on daily PAR values are given in the subsequent
section.
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Turbldlty effects

Turbidity is a state of reduced clarity caused by the presence of suspended matter. Changes ia turbidity thus dkectly
influence the attenuation of light in water, and result in changes in k-values. Many factors influence turbidity of
coastal waters (see below).

Tides influence k-values in shallow seas, as turbulence caused by tidal currents stirs up sediment from the bottom.
K tends to fluctuate around a mean, in phase with tidal motions (Visser, 1970); the latter vary in strenglh, depending
on the declination of both sun and moon (Thurman, 1978). The early 1930's witnessed an extreme northward
declination of the moon (Stevens, 1936), which would have caused above average tidal extremes and current
velocities. These phenomena may have contributed slightly to raised turbidity levels.
The construction of the "Afsluitdijk", that fortned the closure of the former Zuyder Sea, resulted in stronger tidal
currents, and an increase in tidal extremes by 20-50 cm (Den Hartog, 1987). This probably contributed to increases
in turbidity.

The state of the sca (waves and swell) has an almost immediate effect on turbidity (Visser, 1970), as wave action
stirs up bottom sediments. Average long-term wind speeds recorded at Den Helder (data from KNMI) are:

J F M A M J J A S O N D

15 14 14 14 13 12 13 12 12 13 15 15 (in m/s)

From the early 1930's we have estimates of wind velocities, on a Beaufort scale (not directly comparable to average
wind velociües, but Üiey give an indication). The number of days per month with a wind velocity of Beaufort 6 or
more are given below, for Den Helder station:

J F M A M J J A S O N D year

10
11

5
6

5
4

6
11

1
2

3
1

8
2

7
1

5
7

10
9

4
S

10
3

1931
1932

From these data we can observe that the late growing season of 1931 (July and August), and the early growing
season of 1932 (May) may have witnessed increased Uirbidity due to a combined wind/wave action.

Plankton abundance affects Üie transparency of water (Visser, 1970), and annual blooms in both phyto- and
zoöplankton, occurring in Maren and April, and to a lesser degree in August and September (Cadée, 1986; Cadée
and Hegeman, 1986) have a seasonal influence on uirbidity (Visser, 1970).

Rainfall was well above average in the months April, May and July of both 1931 and 1932:

1931 April = +85% May = 445% July = +35%

1932 April = +51% May = +53% July = +39%
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This is also illustrated by fig. 7. Precipitation may cause an increase in turbidity of coastal waters, as river
discharges increase (= delayed effect, as waters do not enter the coastal system immediately; this is illustrated in tlie
next section), A minor contribution is also made by direct runoff along the coastline.

orecip 1 ta tiart

150

100

sa

J F f l A F l J J A S O N D

Figure 7: Precioitaüon at De BiJt, the Netherlands, 1931-33.
(—•=»long-terra average; — =1931;— =1932;-- =1933)
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River discharges directly affect turbidity of coastal waters, by introducing large amounts of suspended matter into
the marine environment. Coarser parades and much of the clay fraction (that form aggregations under saline
conditions) tend to precipitate near the river mouth. Finer (non-clayey) and organic patticles remain in suspension
for longer periods, and thus affect underwater illumination over large areas. Indirectly, there is also an influence via
the input of nutrients, that in turn promote plankton growth (Gieskes and Kraay, 1977; Cadée, 1986b). The Rhine
River is by far the greatest contributor to river discharges in the Dutch Wadden Sea. In fig, 8, the rate of flow
measured at Lobith, the Netherlands, is given for the years 1931-33, alotig with the long-term average for 1901-81
(adapted from Van der Hoeven, 1982). 1931 experienced flow rates in the range of 24-60% above average during
the growing season, but 1932 and 1933 were generally below average. It must be mentioned, however, that the
influence on turbidity is not only determined by the total volume, but also by sudden increases in volume (these tend
to scour river beds and raise turbidity in the river itself). Both 1932 and 1933 witnessed a doubling of Rhine River
discharges in the spring, that may have influenced turbidity in the early part of the growing season. Tlie effect of
river discharges on salinity in the Wadden Sea is dealt with in the previous chapter. Total volumes were not unusual
in the early 1930's (the distribution pattem was, however). The long-term average (again, for Lobith) for 1901-81 is
2193 m}/s (Van der Hoeven, 1982), while those of 1930, 1931, 1932 and 1933 were 2557, 2742, 2066 and 1605
mVs, respectively. Discharges of 2742 m3/s or more occurred thrice between 1901-30, and rates of 1605 m3/s or
less occurred twice in the same period.
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Figure 8: Rhine River discharges, measured at Lobith. the Netherlands.
(adapted frora Van der Hoeven, 1982); -=average;—=193!;---!932; =1933
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