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FOREWORD

The Washington Sea Orant monograph serfes, Books in Reornuitment
Fishery Oceanography, was established in 1948 with publication of Michagl
Snckatr’s Marine Populations: An Exsay on Popudation Regulaton and
Speciation. Alec MacCall's Dynamic Geography of Marine Popdations

followed in 1990 and William Pearcy’s book, Ooean Ecology of North
Facific Salmonids, in 1992, The senes, of which this is the fowrth volame,
is infended o cornmuunicate currert thinking and findings i the ficld and ©
accelerate the synthesis of ideas.

Recruiiment Sshery ocoanography s concorned with the effects of
environmental variability on recroitment in populations of marine organ-
tsims, expecially those of commercial imporiance. Such studies deal with the
factors that determine the continuing productivity of living resources under
environmental and fishing stress. They revolve around the intriguing
scienttfic question of how population size is controlied in marine organisms.

The interactions of the control processes are complex bt are slowly
being disentangled. A short-terrn goal of this series is to improve the
predictions of the fevel of catch that fish populations can sustain, so that
fishertes can be managed beneficially. In the longer ron, these studies also
will lead 1o a better understanding of the conseguences that nahural or man-
mduced changes in climate have for marine organisms and their luman
predalors.

Warren &, Wooster
Schoo! of Marine Affairs
University of Washington
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FPHEFACE

Yariabikity in the abundances of natural populations over time and
space and the processes that cause this variability, or set imits apon it, are
fundamental ecological issues. A assernblage of populations (and, boplicitly,
the ecological inferactions between them) constifutes a community, whose
central properties are the disirtbution of abundances among the constituent
popolations and the degree to which this distribution is maintained at a stable
equilibriurn. The nature and number of equilibrium states for a natural
comnumnity are related directly to the numerical stability of its populations.

My intention in writing this small book, which is based on lectures
given at the University of Washington in February 1989, and on several
vears of teaching with my colleague, John McGowan, s to emphasiee,
through exarnples and personal opinions, the confluence of two well-
established lines of rescarch atmed at understanding varability in marine,
pelagic populations and communities. “Webs™ refers 1o food webs in the
plankion: the linkages betwoen groups of organisms based on what eats
what, with emiphasis on determining raies of accomulation and transfer of
energy and organic carbon. “Scales” refers both to ranges of space and time
and to an emphasis on the ecology of larval fish (most of which are
planktivorous) and their recruitment to the popuiation of adulis. ( generally
use “yecruitment” fo roean reproduction and growth of the young stages of
organisms with complex life histories into the general ecological roles and
habitats of adulis, often with 2 metamorphosis, rather than in the fisheries
sense, as defined by the size at which particular commercial gear captures
them.} However, the issues 10 be addressed have equally relevant parallels
in understanding variable recruitment into benthic invertebrate populations
from meroplanktonic larvae, into submarine forests of large kelps arising
from spores, and indeed into holoplanktonic populations.

Natural variability in populations, and its relation to climatic variabil-
ity, has long been a source of stimulation and frustration for ecologists and a
special, practical problem central to fisheries research, The possibility of
accelerated clivnatic change in the next century, caused by human activities,
has become a matter of public debate and legisiative concem, and large
research programs are being defined (or merely relabeled) in several
couniries. | have therefore wried 1 choose examples that not only present
inferesting scientific results and contribute to general understanding hut also
span the range of investigations that is heing considered for these large



prograros. In doing so, Thave also tried w idenufy some technical and
conceptual impediroents that roust be overcome by special effort.

[ have not attempied to describe the evidence that suggests that such
climatic change will ocour, nor the models and predictions of specific
alterations in global cireulation. [ have, however, used the examples I chose
as a basis for speculation concerning the implications of climnatic change for
the food webs Jeading to larval and juvenile fish.

As is already evident, | have written for readers who are fanuiliar with
the basic terminology of ecology, biological and fisheries oceanography,
and physical oceanography. 1 have included liberal references (o reseurch as
originaily published, both to acknowledge some of those who have done
work I find stimulating and to allow the reader to assess my interpretations
independently. For pedagogic reasons, | have also roentioned shortcornings
in some of these studies, but T have chosen the examples for their positive
contributions and originality or clarity. T fully recognize that practical
limitations, especially those posed by the ocean uself, impede the complete-
ness, scope, and defimitiveness that researchers strive to achieve, For similar
reasons, | have shown actual data by using figures as onginally published
where possible, rather than claritving the concept bt suppressing the
mensural variability throogh sketches.,

To the extent that a complete picture of webs and scales emerges, #
will be a montage constructed from these examples snd my opiruons, rather
than a seamiess whole or unified theory derived from fundamental prin-
ciples or deduced from complete and unambiguous evidence, Thope that
the montage will nevestheless provide new insights and perspectives and
will clarify the tferms of the ongoing debate as to the most effective ways 1o
understand bislogical variability in the ocemn.

Frcouragement, guidance, and assistance from Warren Wooster and
the University of Washington Sea Grant Program were essential to both the
origin and the corapletion of this book. Three reviewers provided criticism
that was both constructive and instructive, and Alma Johnson improved the
et i0 FRRTY WAV,

Although the phrase “aoother small block in the cathedral of science”
is used rather cynically by researchers, it expresses the undeniable truth that
science is a communal, cumulative enderprise, accomplishied through {or
pocasionally in spite of} interactions of real people, with their real foibles
and strengths. [ acknowledge the contributions, sorne of which [ do not
even recognize consciously, of teachers, shipmates, lab mates, and my
helpmate.
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1
SCALES OF PROCESSES AND
INVESTIGATIONS

In fishery oceanography or fishery recruitment ecology, as in biological
oceanography generally, the choice of g scale of investigation is usually based
on an vestigator's strong intaition as to what knowledge is nost needed 1o
advance the science at a given fime or fo rectify inadequacies in an existing
paradigm. For example, if we cannot explain variation in recruitroent solely
by variation in spawning stock and in annual mean temperature, do we need o
understand vartability in feeding or predation at the individual level 1o make
progress on the larger problem?

Related to this is the investigator’s personal “scientific style,” motiva-
tion, or source of employment, which may reguire a choice: either trying o
develop a societally uaefol prediction in a short time or striving for insight nto
causation at a fumdamental, mechanistic level, however long it takes, If large-
scade, ongoing prediction is the goal, the kinds of data that can be used are
often restricted o those that will contine to be readily available or are paid for
by other clements of society {e.g., conwnercial catches), since a prediction
based on a unigue data set may not have ongoing uiility,

Further, there is the fssue of technical feasibility, New methods, often
depending on echrological advances in other disciplines, facilifate studies on
new scales (8.4, the ability to rear larval fish and study individual behavior, or
to determine daily growth rate from otolith rings or RNA/DNA ratio). There is
alsos a fourth consideration, and § is sometimes an ignoble oner At what scale
musi one work 1o ensure fimishing a PhD. thesis, justifying the next grant
proposal, or eaming tenure?

Finally, when an investigator has determined o do field work on a
particular scale in the ocean, there i3 the mundane but essential problem of
sampling. Since one ususlly extrapolates or inferpolates from the scale on
which measurements are made {e.2., samples taken on one day cach month) o
a different scale of interest {e.g., the seasonal cycle), a process on some third
scale can introduce bias, contaminating the data record. For example, a small,
snomaloes paich that happens to be present on one sampling day may be
interpreted as indicating a seasonal phenomenon. Also, the investigaior must
be careful not to alias the data by periodic sampling; the intersections between
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one scale of predominant covironmental varability and another scale of
sampling can give the entively erronecus impression of a different scale of
variability. This means that even though a particular scale s of interest, an
mvestigator must sample so as to detect and correct for phenomena on other
scales.

Both intumition into possible causes of variation and the need for predic-
tions have led to investigations on large scale, in which some measure of
recriitment (often, acially, catch of the youngest fish retained by commercial
gear} is correlated with one or several environmental parameiers, usually with
some consiant ag in time (that is, the success of recnaitment s thought o be
related to environmental events earlier in the life cyele). Unfortunately, the
parameters are sometimes chosen more because data are avaiable than
because those parameters have the most likely causal potential. Even when
care is taken in choosing pararseters plausibly fluencing recruitroent, these
are often thernselves so intercorrelated on large scale that ¢ is impossible, on
statistical grounds, to identity a smigque control of recruitment (Le., a variation
i a tme serics of recruitment data that is largely explained by only one
parameter).

A more ecologically interesting question is whether such a correlation in
data sets taken over one poriod of time orinone region, even if above reproach
statistically, will be equally satisfactory at future times or in other regions. The
refations could well be altered by genetic adaptations of the populations ©
their many interactions in any ecosystem (Rothschuld 19863,

The other extreme i3 o synthesize an understanding of popuiations and
commmunities from studies of individual behavioral or physiological ecology
of “representative’” organisms at smalf scale, This approach has obvious
appeal for those who faver controlled experimentation (which is feasible on
this scale}, or who believe that the “scientific method” requires such control in
order to test falsifiable hypotheses, or who are intellectually unsatisfied by the
frequent ambiguity in proving causation from correlation. Further, it is some-
times argued that only penetration o the most fundamental, smallest scale—
reductionism—will permit extrapolation to a prediction for environmental
situations beyond those vet encountered, since the prediciive capacity of
comrelations is often lmited, af best, (o inferpolation within the range of
previously experienced situations,

Investigators often focus on small scales for convenience, saving the
larger scales for the discassion sections of their manuscripts, and sometimes
rationalize this choice by comparing it 1o the physicist’s search for vltimate
particles or forces. {(Fortunately, engincering solufions 1o real problems have
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not had to wait for the physicists’ work to be completed.) But there is more
than convenience or physics envy here. Beosystems are complex and hierar-
chical in structare, and what is known of the general behavior of such systems
also indicates the need to study small scales. An ecologist interested in the
state of a large-scale systern can oficn ignore or average oul variations on
smaller scales as long as the large-scale system is stable,

When the systern is periurbed, however (as in the case of anthropogenic
change in climate), the rapid dynamics of the small-scale commponents can
become critical in determining how the larger system will respond. This is
especially true as the system approaches a “bifurcation point” of major,
relatively rapid, large-scale change (O'Netll 1988), where resilicnce breaks
down. Thus, prediction of the large-scale change may require understanding
of critical, smatl-scale varisbility. The irick is then to detormine which of the
multitedinous small-scale processes is critical, and how 10 concaienate the
deductions conceming different scales.

It can be argued that small-scale processes may also have the opposite
effect; that is, they may stabilize larger systems. For example, Steele and
Henderson (1981) were stinutdated by observations that pelagic cornmunities
in enclosures, even large ones, tended to vary it a guasi-deterministic fashion,
while the commumity In the surrounding water was both more stable and more
probabilistic. They considered that the variety of stochastic (or even cyclically
varving) small-scale processes in the unenclosed water colunn buffer the
system, preventing extreme changes in conmmnunity composition. This theory
of stability of plankionic communitics has been termed “contemporanecus
disequilibrium” (Richerson et al. 1970).

Thus, arguments can be made that both stability and change are gov-
ermed by processes on scales in space and time that are soall relative {o the
populations of interest, though not necessarily on the scale of interactions
between individuals, In spite of this justification, the general weakness of
roany small-scale, carefully controlled studies is that while they often give
considerable insight mto what can or may happen on larger scales, they are
usually incomplete in explaining what does or will happen in the full complex-
ity of a natural ecosystern because they are inadequately linked to the larger
scale, Obviously, studies of behavior and physiology have validity and sig-
nificance within their own sphere. However, the issues i fishenies usually
concern local populations or larger units that inhabit areas ranging from large
embayments 10 major cument systems. It is the extension of small-scale
studies to larger scale-——the ability to predict the demographic end product of
behavior or physiology—that 1s at 1ssue.
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{ have, of course, just described the extremes of a range of approaches.
Many excellent studies are hybrids, and in the best of them, conclusions
drawn from one scale of study are reinforced by supporting evidence from
guite another scale. Also, i is by no means the case that only large-scale
analyses are based on correlations betweon parameters the investigator does
DOt of cannot control; processes on quite small scales are profitably studied in
this way. Analytical or simulation models that are independent of actoal data
can be applied to processes on many scales, provided the physical processes
dominating each scale are comrectly represented.

Argument over the appropriate, or most productive, scales of study is
not new in ecology, and it still continaes. &s recent examples, Hassell and
May (1985} show through mathematical models how individual {oraging
behavior in an eavironment of patchy resources can interact with the degres
and nature of paichiness fo affect the stability of the usertresource system.
Schoener (1986}, using examples of successtisl predictions of niche separa-
tions and other conwnunity properties from studies of individuals {though
mvolving only a few species}, argues that community and population ecology
are, in principle, reducible to individual ecology. However, he does niof argue
that such reductionism is necessanily the most efficient way 1o achieve 2 useful
prediction, nor that vanability 13 best studied in this way.

The debate also has a long history within aguatic ecology. An important
featire of the piloneering studics of Gordon Riley (1846) was his specific
contrast between a correlative approach o prediction of phytoplankton bio-
niass based on large-scale field studics and one derived from the physiclogical
ecology of those species that had been studied in the laboratory (very fow, at
that time}. Good, recent discussions relevant to aguatic ecology are given in
books by Harris {(1986) and Carpenter (1988}

Multiple enclosures of large portions of natural aquatic commmities
mesocosms containing tens to hundreds of cubic meters (e.g., Grice and
Reeve 1982—have been used in attemipting o combine the advaniages of
gxperimentation with those of observation in 8 setting of near-nahural com-
plexity (though critics allege that the worst feanres of both approaches are
achieved instesd). Indeed, I believe that soroe carly experiments i mesocosms
stimulated more thought about the importance of small-scale hydrodynamics
in maintaining the struciure of plankionic communities than they tanght us
about the biotic interactions they were intended to flluminate. The model
developed by Sieele and Henderson (1981}, reviewed above, is an example,

Ir: fisheries, the debate may be exemplified by a recent book and its
review. In the book, Rothschild (1984) states:
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A typical approach generslly involves {a) selecting some fime
sequence of annual fish-stock abundance, (b) selecting sore timne
sequence of abiotic or bistic environmental variableds), and (o)
analyzing the elationship between sequences . .. With such a
procedure, it is not sarprising that many correlations are found.
But it ¢ most difficull o distinguish bebween relations that are
causal or predictive and relstions that are simply correlative . .
The irgeraction of the physical eovironment with population
variability cannot be understood by referring only to data on the
enviromnen and on recrgiiment .. We should not be surprised
.. . when correlaiions between recraitmient and the enviromment
deteriorate shortdy afler pablication of the wosulis . . . and we
should be surprised when simple environusenta] corelations per-
sist. When they do persist, & behooves ns o explain bow such
simple relations overtde the compensatory mechanisms that musi
be inhererd in the populationt
The review {Collie 1988}, though favorable, nevertheless says:

Fostead of iaking a broad view, Rothechild, with a wuch of
physics envy . . . would have us siudy the encounier probabilities
beiween fish larvae and theie prey-——the protons and slectrons of
ocean life. The rationale behind this reductionist philosophy is
that we must understand how the ricro-scale processes are infe-
grated to produce the nwacro-scale chanpes in abundance that we
chserve.

In phvsical oceanography, the concept of a spectrum of scales, and the
transfer of variation from one scale o another along this spectrurm, seems well
developed. That i, known hydrodynamic processes cause variance stim
lated &t one spatialtemporal scale to spread through the spectram o other
scales, There are peaks in the spectrum af vanious scales for fundamerdal
reasons {e.g., the nput of internal wave energy into the farbudence spectrom in
a pariicular wavelength band). The nature of the hydradynanuics changes {(in
theory, if not in observational data) along the spectrum froun the guasi-
geostrophic, rolattional regime ar long wavelengthe (Rosshy number < 1.8,
where Ko = velocity/{ Coriolis frequency X length]) through the buovancy and
mertial frequencies at intermediate wavelengths to the viscons regime af
shoriest wavelengths (low Reynolds numbers, where Ke = [length ¥ velociiyl/
kinematic viscosity). Generally, however, we think of energy or variahility
associated with furbelence as cascading down from large to small scales;
larger, moore organized motions sre generated by large-seale atmospheric and/
or gravitational forcing and degenerate inio smaller scales.

Biglogical oceanographers and fisheries scientists recognize that time
and space scales should be measured relevant o particular organisms {8.8.,
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generation time, daily ambit; see Stecle 1978}, Since the pelagic organisims
humans care most about are rather long lved and mobile, the socictally
significant scales of variation are fairly large. Further, the implication for full-
Blown studies of a food web extending from bacteria and phytoplankion (o
fish is that many scales must be studied, since each Kind of organism inte-
grates its environment over a different scale. I think, however, that this has
seidom been realized and is probably unreasonable to expect. We have few
ecosystern studies that reveal the temporal variation per generation, or spatial
variation within the daily ambit of an individeal, of both phytoplankion and
fish.

Since the dynamics of populations depend on the summation of out-
comes of small-scale, individualistic interactions, it has been argued (as noted
above) that knowledge of variation on the scale of an individual is therefore
essential to understand variation in populations, 1.., that only through such
imowledge can large-scale variation truly be understond, This reasoning
pervastve even though we have good evidence that the ocean tends 1o be
biolagically as well as physically “red” (i.e., dominated by variation on large
scale at long wavelengths) rather than “white” {equally variable on all scales).
The greatest variability occurs over very large areas and lasts a long time
(Haury et al. 1978). Indeed, Steele (1985) has argued on theoretical grounds
that the “redness” of physical variability in the ocean means that marine
populations are likely to differ from terrestrial ones in thelr responses ©
climatic variation; the ynarine populations are more fikely to show long-term
(“red”) variability because of the relation between typical generation times
and characteristic scales of physical variability.

Theories relating the several scales of physical/chernical variation to
biotic interactions within the food web (focused, i you like or if society so
dictates, on particalar species) still need to be improved. Technological {or
financial) constraints also cause a mismatch between physical and biological
oceanographic studies. Physical oceanographers now routinely use nstro-
ments that can measure significant properties such as temperature or current
velocity not only very frequently and very close together in space but also for
a long time over a large avea; a spectrum of scales can readily be incladed in
one study. Instruments that are self-contained, or are rapidly deployed and
recovered {or even air-dropped), penmit the ambiguity between spatial and
ternporal variation to be partially resolved. Satellite-bome sensors represent
the ultimate tool for large-scale resolution, at least for surface properties.
Having such a spectrum not only facilitates analysis of variability but also
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greatly reduces the likelihood of bias and aliss in interpretation, mentioned
earlier.

We have fewer such instruments in biological oceanography. Many of
the devices we do have are unique 10 a particular program or investigator (see,
e.g., Dickey 1988). Most do not measure that most significant of properties,
species idemiity, much less physiological state, age structure, or genetic
subpopulation.

The purpose of such instruments should be not andy 1o acquire nternally
consistent ecological data on many scales, so that the magnitudes of vartation
on different scales can be compared, but also to permit such data 1o be
analyzed in concert with physical/chemical data on the same spectrum of
scales. For such mterdisciplinary work to be most successiul, interfacing of
scales is a necessary but ot fully sefficient condition. One also needs to ry
specifically to interface those scales in each discipline where predictive
capability or understanding is greatest, given the state of knowledge in that
disciphine (O'Neill 1988). This, clearly, is not sirople to achieve,

The intuitively reasonable converse of this proposition is that increased
understanding onn & particular scale in one discipling, such as fine-scale
physics, should encourage the developroent of tools 1o gain equivalent under-
standing on that scale in allied or dependent disciplines, sach as pelagic
ecology. This i a natural and desirable evolution, even though it does not
necessarly follow that the new understanding on one ecological scale will
shed light on the ecological processes ont other scales,

The issue of scales, and bow 1o study them in different disciplings, is
now brought to the fore by the evidence that anthropogenic, large-scale
changes in atmospheric and oceanic climate are hikely to coour In the near
future. These changes apparently will be much faster, it not more drastic in
magnitude, than those that natural ecosystems have experienced in geological
time. Models are being developed to predict global winds and currents from
the anticipated changes, We pwust consider the possibility that local- and
smaller-scale distributions of properties and motions will also be affected,
both through altered local wind patterns and through changes in the heat
budgets and the distributicns of depsily in the ocean, though it may be
tropossible to calculate them in detail (see, e.g., Longhurst 1984 and DeAngelis
and Cuoshrnan 1990 concerning iplication for fisheries). The conceptual
problern will be fo understand the nature of frapsition states lasting several
decades, not just 1o deduce a new, stable distribution of properties in an
eqguilibrivim between ocean and atmosphere.
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Because time, wamed intelligence, and sociefy’s 1880UICes are scarce,
hiotogical and fisheries oceanographers must be judicious in choosing seales
of investigations in order to understand the resoling variability in pelagic
ecosystems. We must decide whether the ecological effects can be predicted

hest from comelations based on long time series of coarse-grained field daia
(i.e., data taken on scales large velative o the datly amobit or hfe span of
individuals), We have, actually, rather few such sets of data for anything other
than commercial catches and coastal climate, snd one can argue that we need
many mote, for more elements of the food web, In this perspective, study of
small-seale processes would be, in effect, irrelevant to predicting large-scale
variation, or at best an inefficient way (o proceed.

As the alternative approach, we must (a) deduce the implications of
targe-scale climatic change (“global” or “regional” models) for the physics
{and chernistry) at the much smaller scale of ndividual organisms {mucro-
mieters and mitliseconds for bacteria, kilometers and hours for fish)—change
hoth I the mean conditions and in thelr variability; (b) analyze twough
controfled experiments the changes i physiology and behavior that these will
cause (“process subimodels™); (¢} determine quantitatively all the critical
interactions between species under these altered conditions; and then {0
reason back “up the spectrum’” to varations fn populations and comoumities
by some weighted suromation process and some food web paradigm. Une
problem with such Hinked roodels is that each is Hkely to be an incomplete of
mperfect description of nature, even at #s own scale, and we might well
question the refiability of a prediction arising from concatenated uncertainties,

This dichotomy of approach is not so stark as T have painted it, nor age
the choices so mudually exclusive. However, there is no question that our
intellectual, technological, and financial resources for environmental research
are limited and therefore must be deploved efficiently,
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DISTRIBUTION AND PRODUCTION
iN THE PLANKTONIC FOOD WEB:

LARGEST AND SMALLEST SCALES

My purpose in this and the following chapier is to review, by means of
exampies, some of the disitbutions in space and time of components of the
plankton and their rates of growth, particularly those distributions that can be
related o specific scales of physical/chernical processes and that are likely to
affect the food webs of larval and juvenile fish. I shall emphasize examples
from the open ocean, though many of the strongest comelations between
distributions and physical parameters are found in estuaries. As ndicated in
Chapter 1, the ultiroate {but as yef unatiained) goal should be 1o understand
how the different scales affect each other, so that impacts of change in the
physics and chemistry of the ocean on a large scale can be predicted on several
biological scales. Ideally, these would also be the scales of greatest societal
CONCem.

T shall set the stage by a brief description of “conventional” understand-
ing of the large-scale, average distributions of plankionic biomass and produc-
ton, as & confrast to what follows. I most definitely do not denigrate this
understanding, nor do | boply that physical and chermical processes are fess
weldl integrated into it than into the studies 1 have chosen to review in greater
detail. However, I shall explore more fully both the implications of some
scales of physical and chemical processes that have been suppressed in the
conventional descriptions {and, often, by conventional methods of measure-
ment} and the question of whether these scales will be affected by changes in
the ocean on larger scales. This sumnary 18 background to a consideration of
whether variability on the scale of populations and comununities is Hkely to be
predictable from a swomation of the effects of small-scale, altered processes.
Unfortunately, such consideration does not provide a definitive answer.

1 shall also review some roathematical models that simmilate the effects
of phyvsical and chemical properties on biomass and production of plankion.
The particular models are examples of a larger body of work; such models are
osuadly unrealistic in thelr stroplicity, but they permit the investigator to
explore the consequences of a particular process in a way that even controlled

&8
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experimentation does not. The best such models lead o conclusions that are
both counterintuitive and testable with field data,

Ocean Basin and Regional Scales

The optimal large-scale conditions for rapid growth of phytoplankton in
the open ocean occur in middie and low latinudes, where daylength exceeds
eight hours all year, in those regions where the surface layers are only weakly
stratified vertically, Regions in the higher latitudes can also suppost rapid
growth, but only for the sunlit part of the year. These generalizations reflect
the need of phytoplankion for adequate Yight and  supply of nutrients from
waters below the suphotic zone {or, in some circurmstances, from horizontal
advection). In principle, grazing by zooplankion could keep phytoplanktonic
ornass small by removing i as fast as photosynthesis produced it, but in fact
the regions of rapid growth {on this large scale) also tend o have greater
biomasses of phyioplankton than do less eutrophic regions, so the primary
production {biomass-specific productivity fimes biomass) can be quite high
{Table 2.1},

Table 1. Geographical variation in standing srop and primary production
by phytopiankion

) Fhytae

Euphotic plankion Gross
Type depih Chiorophylt Bigmass production
of areg {m} toeg %) (mg R g Cm fmg C{m® dayy ]
Strong
upwelling? < 36 1025 100400 528 504,000

Weak upwaliing,
mixing, benthic

regeneration? «< 80 =10 20100 -5 200500
Wesl mixing® < 100 3.4-1 10-2¢ .51 §0-200
Minimat mixing? <180 0.05-0. 510 0.25~0.5 105G

2Ranguela, Chile-Pery, other eastern poundary currents, some bays (runaif).
sEquatorial countercuirents, Gul Stream, Qyashio Current, most shalves.
sEquatorial currents, tropical oceans.

“Targasso Sea and other sublropical cantral gyres, Mediterranean.

Nitrate (NG;7) can be taken to representt all nutrients regenerated from
sinking particulate matter by decay snd (for N subsequent oxidation. As a first
approximation, it is supplied fo the euphotic zone by turbulent diffusion or
advection from deeper water. This provides the N for what has come to be called
“new” production {which technically could include N in rainfall, efc.). Ammo-
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Fvs, f7
% yaE fraction of
3 on. Open circles are
« she Saksrs Califovnio Bight, shaded rectangle is severgl stafions in
the North Pacific Central Gyre, solid square is Caribbean date, open square is offshore
Monterey Bav, solid riangle is eastern ropical Facific, and open triangle iy castera
Mediterranean. From Eppley 1981,

nium {NH, " is regenerated within the cuphatic zone as aresuli of metabolisio
and excretion by zooplarkion and bacteria (Dugdale and Goering 1967). As
resalt, separate measurement of the aptake of these two forms of N ilusirates
the role of supply from below in fueling both high biomass-specific and wial
primary production of extrophic waters. Figure & { shonws the yelations bepwesn
specific growth rate and the ratio of new to total privnary produstion {amneines
called the “f ratio) and the ratio of regenerated tstied privnsary prodisition &8
a function of total primary production as carbon.

b

by
=

7

Conversely, at large spatialfieroporal scales, nitrogenous biomass that is
ernoved from the euphiotic zone, for example, when particles sink or fish are
caught, must be replaced by “nevw N if primary production and the food web
ave to continue 1o function {Eppley and Peterson 1979, Eppley et al. 1983,
Home of al. 1969), Interestingly, this concept is also an imporiant one in
considerations of change in global climaie because of the so-called Redfield
¢atio, the intimate tinkage between Cand N in metabolism. The recycling of
carbon within the euphotic Zone, its sinking into deeper water, and the degree
tr which it remains there rather than returming 1o surface waters all affect how
the ocean counteracts or augments anthropogenic changes in atmeospheric
CO, and the resuitant “greenhouse” heating.
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tenspet by the soud, poirtent-tiehy Califunds Current and & POTTHEIN £
tgre sonthedy or westerly water, which &5 generally soore olig straphic, o
Hee pegion, Beds sof dhear bow miuch oF the raduction in fer Sy i oshie d this
hangs fo sdvention, and by fauch o Jocal sductisn iy vertion] supphy of
ritriens 10 the cuphotic s (hevause of the thicker laver of e, olge
rephie water 8 e surface) Roesler and Chelion {EFORTY who cxeniiad te
timing of changes In transport and sooplankionic biomass in the Califomia
Corrant, argued thay the-changes in blonkis by the nosthiern pat of the current
were frgely advestive, while thoss farther south {iwhich lgond behind the

charges B aneport) were caused by msporises o sbveted vuirlents of the
food webs jisell,

ey

o)

Microscales and Fine Scales
Relevant to Indivicdual Encouniers
and Microenvironments

Individeal plankiors interact with cach other and, if they are phytoplani-
ton celis, absorh nutricnts on very small scales, from a fow micrometers to a
fow millimeters and for no more than a few seconds, On the smallest spatial
seale, where Reynoids nombers are small, fow is essentially lamingr and
viscous rather than rbolent. This sigrificanily affects how nuirienis reach
the absorbing surface of cells and how zotpiankters bring particles imo their
grasp. Correct description of actual mechanisms depends on correct scaling of
the fhuid dynamics. What is uncertain is the degres to which such correct
descriptions will help us understand changes (or steady states) in populations
and conununities,

An individual phytoplankion cell is surronnded by a boundary laver of
futd through which nuirients {or bacteria) must diffuse to reach the outer
membrane of the cefl. As recognized by Munk and Riley (1852), a cell
stationary in the water depletes nutrients in a microzone around it through
absoaption; sinking (or other raction relative t the wate v} minirnizves this local
depauperization. The sive and shape of 2 particular cell affect both the severity
of this depletion and the hydrodynamics of sinking. Hven when upiake of
nutrients s formulated as a samrable provess {Gavis [976), the issue is still o
significant one,

Tarbulence on the scale of tens of micrometers might then ephance
uptake of nuirients (Monk and Riley 1932, Thomas and Gibson 19904,
However, there canbe a negative aspect o such turbulence as well, at least for
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some kinds of phytoplaniton. Thomas and (ibson (1990b) have shown that
the cell~scale shearing stress that might be expected from turbulence at the sea
surface under moderate winds can inbibit the growth of red-tide-forming
dinoflageliates by causing loss of the flageline with which these cells 3wiin.

A phytoplankionic cell not only takes up nutrients through the boundary
fayer but also excretes oF feaks organic rpatier Bifo i, OrgAMNC mater that
hacteria can utilize as & metabolic substrate for growth, Whether a bacterium
can roove close to a lealdng cell by chemotaxis and remain m its vicwuty,
however, 15 a question of microscale physics (Mitchell et al. 1985}, Jackson
{1987} showed how the cell size and teakage raie of the phytoplankton and the
hehavior of bacteria determine whether there will be any effects on hacterial
growth, The relevant point for the present discussion is that modeling of
processes on a microscale can provide guidance in considering interactions
between phytoplankionic and bacterial populations.

Conventional sampling of phytoplankion ivolves catching on the order
of 1051 cells in a volure of 500 ml or so, drawn from a volume of several
liters. Their bulk propestics are then determined—uplake of HUCOy for
primary production, or content of chilorophyll or chemical composition, the
latier confounded by nonphytoplanktonic particles present—as well as the
concentration of nutrienis in the same volume. For practical reasons, 310
such samples from various depths are assurned 1o represent the vestical
conditions over a great horizontal and teroporal range.

Studies of laboratory cultures have shown how the swtrient chemnical
concentration in cells and the growth rate increase with fhe external coneen-
ration of nutrients, Yet, phytoplankton sampled in ol gotrophic waters with
ne measurable murients often has a chemical composition {and, by inference,
a rate of growth) characteristic of plentiful marionts, McCarthy and Goldman
(1979} and Goldman (1984) have soggested that, since uptake is much faster
than growth, rapid uptake by indivi dual cells of notrient micropaiches (a few
cubic micrometers) raight supply safficient nutrient for growth over a longer
period (2.8, 24 hours). Such epcounters would have to oocur ofien encugh t©
affect the bulk properties of the phytoplankion, Bt an instantanoous, large-
volume sample cannot capiure the process.

Oither evidence of rapid phytoplankion growth in oligotrophic walers
{Shulenberger and Reid 1981) lends credence 1o this suggestion. Experimen-
tal tests of uptake of NH,T (an excretory product) support the idea, at least fis}
part {e.g., Goldman et al 1981, Horrigan and MeCarthy 1982), and Lehman
and Scavia (1987) presented evidence that excretion by individual zooplank-
ters can create such usable micropaiches. ackson (198() and Curie (19842,
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by arguedd that, beomwe o turhalem dismpittion and nondinear responses of
uplake, sxerstny micropatehes s ol oly 1o provide a significant nomber
ool with an adequate supply of nuidents. However, the idea is stifl
stvetive that wilsrescsle o smali-scale processes are significant but cannot
e detscid by comantivnal sarapling because of homogenization or statisti-
cal wrdersampling, or boik,
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microscale, that the transition from a developing bloom of individual phy-
toplariktoric celis to a postbloom condition of sinking aggregates made up of
adhering cells can be quite sudden, even without the increase in sirking rate of
individual cells that is known to accompany depletion of nutrients. These
diatorn floes, while still sbundant in the water colurnn, are the type of
aggrogate most iikely to goniribuie mene iyt & sonadl Togehan e e
fion of metabolic procesass thars (Alldradas agod Cheaschath 18H3,

The microenvironroents of aggreiates Can b s wicalhy Imporiat ¥
the metabolic byproducts are theroselves murmngy for othey argandsis, For
axzenple, Shanks and Trent (179 sud Alidredge and Gotschalk (1990}

sovied shevated votatsations of MH lnthe ymmediaie vicinity of aggre-
sod Golwhath and Adideedge (199 demonstrated buildup of NEH
around sgrigates snclosed oy covanl days, Primary productivity, bowever,
is not necessarity enhanced (Alldredge and Cox 1987, Prozelin and Alldredge
1983}, and the blomass of phytoplankton associated with aggregates (at loast
rpactoscopic ones) is usually nsignificant relative to the gveral] biomass in
ihe water cohsmn {e.g., Alidredge and Cox 1987, Beers of al, 1986, Alidrodge
and Gotschalk 1990), although the comcentration of phytoplanktonic biomass
on aggregates usually exceeds that in the water.

The physical surface of an aggregate, &% well a¢ its chernical nature, may
maice it 2 site of greatly elevated concentrations of bacieria and heterotrophic
SRDRONDS {83 L ab 1982), Mitchedl and Fubtman {1989 invoked

fareeacale pathiness of

RS

sampled biindly.

A

fhis poseibiliy &

Varge-soule distributinng, swh as onshore-olfshere gradicnts, may be differ-

ent for organisms associated with ageigates than fr those Frosy iy the water
(Caron et al. 1986). Indeed, there may be on microscales a patiem of succes-
sion in the microbial corormunity living on aggregates {though not necessarilty
restricted to them), a pattern that results fromn processes on larger scale {e.g.
plankion blooms) which enhance the Sormatios s the aggrgates (Davsll sowd
Qilver 1086). Net conswnption of O, by sggregak Jhea inthe bgh :
that heterntrophic processes excesd photry ety {Alldeedge and Toban
19873, However, on 3 larger scale the covpeniration of fresliving bactena &
far excoeds that of bacteria assaciated with macroscopic aggregates that the
free-living bacteria dominaie heterotrophic processes in the waker cobunn,
even though the rate of heterotrophty per bacteriyn may pe sigmificantly
enhanced on he aggreguies.

Agpregates significantly affect the concentration and predator-prey
interactions of the organisins that occupy them. By aggregating lving and
dead particles of many #izes and types, they also affect the transpost of
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particulate organic matter from the euphotic zone to greater depths, However,
the jofluence of this group of phenomena on macrozooplankton and larval
fish, either directly as food or indivect ¥, is uncertain. It would be in eresting (o
determine, by analysis of gut contents with appropriate antibodies, the extent
to which larval fish benefit from the microbial food web on aggregates by
mgesting heterotrophic microffagellates that are too small o be captured
individaally,

Feeding by herbivorous copepods has been studied both because it is a
source of mortality for phytoplankton and because it provides nutrition for a
major food of small fish, The process was once viewed as a mechanical
filtration, i which water is driven through a filter of setas or the filter is raked
through the water, and cells cau ghit on the filter are transforred to the mouth for
ingestion. The mechanisms of capture of food particles are now better known,
thanks o the studies of Smickler and others {e.g., Strickler 1982, 1984,
Paffevhiifer et al. 1942, Price et 4l, 1983}, and 1o the realization that, because
of the thiid dynamics on this scale, such filration is impractical in viscous
media. Many particle-graxing copepods create some sort of flow o bring
water snd phytoplankion near their mouihiparts, but Strickler’s films revesl
that ar least some copepods serwe the presence of an individual large cell
before contact, and alfer the motion of the mouth parts s0 as o draw the cell
towards the mouth. Ancillary evidence suggests that copepods “smell” (e,
sense chernically at a distance) the approaching cells; Andrews {1983) has
madeled how a sphere of scent around 2 cell js distorted i the feeding current
created by the copepod, and Pafferhéfer and Lewis {199 detenmined by
microcnematography the distances af which copepods react to cells,

Traditionally, experiments 1o determine the rates of grazing and inges-
tion by copepods have been conducied in closed containers that are either
unstizred or stirred 8t some arbitrary rate 1o keep the particles of food in
suspension. Rothschild and Osborm ¢ 1988} have correotly pointed out that
theae comditions may be quite ol ralative to natural turbulence, and they
durnonsteate masthoraativally that webilence may increase the rate at which
capepods contws Colls by 209 or even 50%, relative to the rate in stagnant
waler. This may be bnportant when the cells are foo rare o satrate the
mechanism of capture and ingestion. Sinnstation of the metions of swimming
predators and prey in a turbulent environment also demonstraied that contacts
mcrease, especially if the radius within which the predator can detect and
capture the prey is fairly large (Yamazaki et al, 1991}, Examination of the rate
of ingestion by cod larvae of copepod nauplil at various concentrations under
conditions of different wind-induced turbulence has shown up to 3 twofold
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increase fo feeding caused by turbulence in this predator-prey situation
{Sundhy and Fossum 199} see also (;.fi}ii};l?i’. 3

Much attention has been paid 10§ iof as a function of concentration
of food and to the small-scale patchinesy of foud {xec, 2.8, Mullin and Brooks
1976). Smali-scale turbulence can be quite paichy in time and space {e.8.,
Yamazaki and Osbom 1988), and Rothschild and Osbom’s resuls suggest
that one should consider this patchiness as well,

However, furbulence and patches of plankton are antithetical. If patches
of anomalously dense conceniralions are imporiant places for feeding, as
indicated by the model constructed by Davis et al, (1991), planktiveres can be
well nourished either when absence of turbulence permits smali-scale patchi-
aess or when furbulence is sufficient to eohance markedly the rate of encoun-
fer Between an individual predator and its prey. Intermediate levels {or scales)

of urndence may be the least advantageous for the predaiors.

Tt is also possible that change in the large-scale physical cireulation of
the mixed layer is accompanied by changes in the distribotion and intensity of
snall-scale turhulence, and therefore afifects the graxing of copepods. How-
ever, T doubt that this change, even if extreme, would ogtweigh the concunent
changes experienced by the fond web of the copepods, such as altered
advection and altered supply of puirients mixing ino the euphotic zoue from
deep walgrs.

amall-scale Vertical Distributions

Sorpe of the earliest mvestigations pelagic ecology concerned the
vertical distributions of plankron and bow, for many species of zooplankion,
these distributions change dielly, seasonally, and onfogenetically on soales of
tens to hundreds of meters. While there axe still valid questions conceming the
proximate and vltimate {ie., evohitionary} causes and consequences of such
disiributions, 1 am here concerped with verfical distributions on smaler
scales, such as those within the euphotic zone.

fiven in situations in which physical and chemical properties are uni-
formiy distributed with depth in the upper few teps of meters, forming the so-
called mixed layer above the thermoctine, plankion may be patcity (e,
aonrandom) i distribution, I some cases, the horizontal extent of such
features is great enough to consider them fayers, but inforipation 18 generally
insufficient 1o establish this because oven dats taken contirmously in the
vertical are generally from stations that are widely separated hosizontally.
Underway acoustic dsta frequenily show guasi-continuous layers of
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micronekton, but they are usually far bedoen the theemoting, s Tt iy day,
and are made up of large, mobile oo ss, Howeover, a sosdasg tiering
layer extending across the North Pact St depthy shallonver iy 100 m ey
and night, dominated by the copepod Celony (Neacalmne or

reported by Barraclough et al. (1969),

The guestion of vertical patchiness of larval fish food is of concern
because larvae reared in the laboratory often require concentrations of food
which considerably exceed the average concontrations in surface waters,
Success in early larval life might therefore depend nn feeding in patches of
anomalousty high concentrations of food—sither that, or the rearing experi-
ments have been misteading, (B ¥ "snomalous patches,” T mean that FOZIHIS
with high concentrations are more frequent than would remsit from a random
distribution of alundances abont the mean.} Whether such patches exist in the
mixed laver, how long they persist, and whether they are associsted with
phiysical features that might increase the probability of larval occurvence, are
therefore significant issues. T shall retmn in Chapter 4 o the mportance of
patches and favers of anomalously high concenirations of plankton for firse-
feeding farval anchovy: here T raview 3 few other examples and their mplica-
tions for larval fish generaily,

Owen, in a recent study (1989), has ohserved patchy distributions of
plankion within vertical distances of 2 m, which is essentially on the fine
scafe. The coetficients of variation {standsrd devistion/mean) on this scale for
various types of plankion often excesded those o the scale of 1-10 m, while
nuttients and temperature were more variahle oy the larger scale (hut still
much less so than the plankton). Particular fypes were often paichier than were
measures of otal biomass such as chlorophyl or total particles.

O this scale, then, the compasition of potential prey for larval fish was
more vatiable than the biomass, but in fact the types thought o represent
farval food wers Jess patchy than the potential competiions or predators on the
wrvae. The physical stability of the waier column mw@y have influenced
patchiness, stnce vertical profifes tended to be least patchy at wind speeds
greater than 10 1m sec!, in the “mixed” layer sather than o the thermaciine,
and in shallow areas rather than over deep water. How much of the obscrved
patchiness might be due 10 the association of particular orgamisros with
relatively rare organic aggregates is not known,

Patchiness was greater diumally thap noctumally in Owen’s study,
Although the mechanism was not establishied, this finding is consistent with
noctumal cooling and overturn of surface waters; and since larval fish are
daytime feeders, perhaps it is fortunate that this is the case, Certainly the




Largest and Smallest Scales + 27

implication of Owen’s study is that the distributions of prey and predators on
the scale that a larval fish might traverse in a few hours can be guite variable.
| is unfortunate that larval fish were too scarce to be sampled on this scale as
well. It is also unfortunate that the horizontal dimension characteristic of the
paiches was not established, since this affects their potential permanence and
the likehihood that a larval fish, once finding a paich, could feed there for
oy Bears,
A striking example of sowtbacale pacher or layars, thotih based on
orly u single Mation and thoe, is repoviad by Riorsen and Nieher (19913
Within a vertival vanzs of 2 narounsd w sbaep pyenncling, o brval fish could
have encountered very high concentrations of a foxic dmnoflageliate,
Gymnodinium aureolion, and few edible protozoans, or significantly more
abundant oligotrichous and tintinnid ciliates above and below the layer of
maximal Gymnodinim.
Yearivy of copepads i the laboratory has fed e d ponudiprm analogon
o« o larval Bikh reasing: the mean concentntions of phytopluk-

RN

somplicated by the faot that wi sy ot e
supphy of & vanpliar copepad in nur. I 1o stovophyvil, Wt partiondue
otpunic carbia, total Tving carban (as eatirated from, say, NP o apme
prirticidar stre catagory o hochemd ad subset of oo of theae?
Becsuse gradients n phytoplenbione Moass G, chioge i blonass
o unit alistance) ars machl stronger vertically than horzenialty feg., Mullin
ORET, much sitention his buer paid forwhether soplanidemy geouw snd foed
s patchibues) of smonmalousty bigh conventrations of food.
{1973, 1976) meported exarmplis fram the Southe
3 the shundange or blemass of the copepad
; ' wlatesd with blomasy of phytoplake
welil groat veotabiiity: sor Flgure 243, due prvanily o vortizal distributions
o the aeale of msters 10 8 fow decsnagnng. Although the piean comsnbration
of phytoplankton was insefficient for growth at many stations, distributions of
“oalnutrition and swrfeit” during the two periods studied could be calculated
from the sposific vertical distibutions st laborstary dide o feeding and
epepiration, Cox ot (183 caloulated siwilar dimributtons for two portions
of the Righs, vne richer than the other, Trewpetiiay dit tedkien o another year
(Figore 2.5)
These relations result from sampling, at different times and locations, of
the vertical distributions of a copepod species and its presumned food (or, at
least, a property, chiorophyll, presumed to be correlated with food). The

i hevers (o vertic
Mhathin amd Brook
fomia Bight e wit
prifiouy Wit pos
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questions yet 1o be answered concem the roles of behavior of the copepods,
the imbalances between reproduction and grazing on phytoplankion, and
tarbulence in restructuring the vertical distributions at one focation. Mutlin et
al. {1983) studied vertical distributions before and after a local storm, and
found surprisingly little disruption. (This observation will be discussed more
fully in Chapter 4.}

While it is empting to invoke the use by zooplankton of patches or
tayers of food as the “solution” to the apparent insufficiency of average
concentrations o sustain growth, the range of natural situations, even within
one geographical area (the Southern (alifornia Bight), is pwch more com-
plex. First, the variability shown in Figure 2.4 means either that the relation
between phytoplanktonic carbon and guality of food is quite variable (on this
issue, see Mullin and Brooks 1976, with regard to cell size, and Napp et al.
1988, concerning biochemical composition) or that the copepods are not
very cificient at finding the best places 1o feed. Second, there is at least one
example in which Calanus and other rooplankters seemed almost to avoid a
dense layer of food (Fiedler 1982). Third, Napp et al. {1988b) found no
celation between the vertical distribution of rany species and thal of phy-
toplanktonic biomass, Finally, Dagg and Wyman (1983) and Mullin et al.
(1985) were unable to show that there was a relation between the vertica
distribution of chlorophyll and the depths at which copepods fed most nten-
stvely {as reflected by plant pigments in their guts).

Vertical Motions and Their Effects
on Primary Production

Because of the vertical atienuation of Hght in the sea {(which as a first
approximation i in exposential dovay) and the resarvaie of axidizad aureniy
represented by doep witter, the seale of a Ty misters i a fow tons of inekers

below the swrfave iw crocil S the physiolegy of phytoplabion. stable
sitnsfions, colly photoadapt: that I8, cells Hvimg near the surface have less

e near (e base of the eupshatie zons, sad diffemad
pgoncus nutrient Ssed by phiviophabion
abis, while
worsssion Of leht
v o Friovenss with

shisstophyil than those |
Rt responses t lgh
ner e s
dugpor-living o
relative b thi

depthy. Foally i VO F spectes ot Qoo
. pactiowedy i the caphatic wae extends below the thermuedine (g,

Venrick 1988).
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Figure 3.8 Primary
produetivity of individual
cells of Ceratium wipos o7
three depths. Shadings
denote twe water samples,
Mean productivisy per cell
of each sarple is gives.
Frows Boulding and Plat
1985,
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Al this means that both conceptual and sinmsdation models of the
euphotic zone as a vertically stratified column are well developed (e.g., Jamart
etal. 1977}, In general, these models consider the phytoplankton at any depth
to be physiologically homogensous (ie., to respond similarly, having had
simifar previous exposore to nuirients and light), and to move vertically only
by sinking (o, in the special case of some dinoflageliates, by swimening
vertically). Most measurements of privary production at sea are based on this
coneceptual model,

Nevertheless, there is good evidence that the individual cells at & given
depth and tme do differ in physiclogical properties. Micro-aworadiography
of samples incobated with C has shown that species within less than a liter of
water differ in their photosynthetic rates {e.g., Maguire and Neill 1971,
Knoechel and Kalff 1976a, b). Fven within a species, photasynthetic uptake
may differ considerably (Figure 2.6). The possible sources of this variability
are the sizes and ages of the cells, their environmental Hstorics {they may
have been brought together from different depths by physical mixing), and
thelr genetic makeups.

Benman and Gargett (1983), in reviewing the processes resulting in
vertical motions in surface waters, evaluated each in temms of charactoristic
ume and space scales, relative to the time course of adaptation of photosyn-
thesis, Turbulent mixing and internal waves were the most important motions
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Figure 1.7 From swo studies, differences in photosyntfietic yesponses between surface-
fiving and deep-tiving phytoplankion, piotted against rate of mixing. Leit difference
between maximal photosvathietic rates of surface and deep samples as a function of
turbuient dissipation rate {higher valises mean more miaing. From Lewis eral. 1984,
Right: difference between relative inhibition by pomu of photosynthesis of samples from
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deep warer {where the effeci tends io be greatest) and inkibirion af the surface (higher
vadies mean greater difference between deptiis) as @ function of the Richardson mmiber
{lower values mean more mixing), From Harriy {984

in terms of their effect on primary production.

As noted above, differentiation in the kinencs of primary production can
arise in a stable water column in cells growing in different microenviron-
ments, from some combination of species differences and physiological
adaptations. There ooght, therefore, 1o be measurable effects of the relation
between the speed of physiological differentiation and the rate of muxing.
Figore 2.7 shows the resulis of two studies in which 2 measore of the
difference in photosynthetic responses between surface- and deep-living
phytoplankton is plofied against a measure of the rate of mixing. Although the
relations look superficiaily different because different properties are plotted,
in fact both graphs show that at high rates of mixing the responses are sinulag,
and at low rates there are differences between the two populations—or, 1Bore
correcily, between the conununities, since the specific composition may have
differed vertically, also,

It would be inleresting 1o use mivro-audiography or the techrugue of
Baoulding and Plart (1986) 1o learn the degree of physiological ditferentiation
within single depths in these studies. Une would expect that, as turbulent
mixing ncreases to some ntermediate range, within-depth heterogeneity in-
creases arud between-depth difforentiation dirirashes, as cells with different
histories {andfor of different speciss) are increasingly brought together
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Figure 3.8 Idealized behavior of the midlatitude thermocline shrough seasons, affected by
divrnal heating and rocturnal cooling. From Wolf and Woods 1958,

{Falkowski and Winck 1981). Gallegos and Platt {1982) designed an interest-
ing incubator to mimic this, but they were unable to demonsirate ecologically
significant effects.

A special form of vertical motion which is seasonal in oceurrence but
diel in period results from the divmal beating and vocturnal cooling at the
surface, which creates a diel deepening and shoaling of the thermocline
(Figure 2.8 v an idealived view). Wolf and Woods (1988) have used a
Lagrangian ensemble model 1o siroulate the tomporal seguence of the ulk
property, biornass of chlorophyll The model explicitly retaing information on
individoal cells with different histories that can co-occor ai one depth and time
due to random puxing sbove the themmocline. Inoprnciple, at least, such a
model should be more realistic than those that treat all the cells in any
layer at one time as physiologically homogeneous. In this context, the toom
“therrooching” may be misleading, What is toportant is the diel vanation in
the penetration depth of mixing, which may differ from the depth of the
thermochne as a biologist would define it

Inthe Wolf and Woods model, iF a cell is left behind in the deep, stable
layer mn the moming as the thermechne shaals, the cell sinks and may or may
not be overtaken and re-entrained into the mixing laver as the thermocline
deepens In the evening (Figure 2.9). The photic history and nutrient uptake of
cach cell depend on is location in the water columu, and 2 given cell {or iis
daughter cellz) can vary between nutrient Hmstation and hght Bmitation over
time. Uptake by cells depletes the nutrient pool, and there is no regeneratinn in
the madel.
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Figure 2.9 Individual cell,
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When the vertical distributions of nuirients and chlovophyll are deter-
mined as a function of time, a realistic formaton and deepening of the
nutricline and chiorophyll maxiomm layer resulis (Figure 2,100 In fact, thas s
not too different from the outcome of the simpler model of Jamart et al.
(1977, in which variation in sinking rate as a function of nuirient uptake was
a significant element; b the Lagrangian model might be moore realistic in
mecharusm and, therefore, a better tool with which o examine the effocts of
perfurbations, Hven a single day of deep mixing, such as mught be caused by a
storrn, can alter the vertical distributions significantly (Figure 2.11), and one
can imagine a local storm thus creating horizontal patchiness in its wake. Less
severe wind conditions, such that Langmuir cells become the dominant agent
of mixing, showld also be considered,

The first step in assessing the generality of this model is to obtan more
data sets demonstrating the chcumstances resulfting in a diel variance in the
thermocking idealized in Figure 2.8, An informative further test would be ©
conduct an analysis of vanance in floval composition and in physiological
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states of phytoplankion as 3 function of season, using methods such as the

example by Boulding and Platt (1986) to see whether the varlance at a

particular depth was indeed greatest, and the Horal assemblage most vertically
simnilar, during the season of diel oscillation of the thepnocine.
Stratification of the water colomn reduces wrbulent mixing but pro-
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motes sharp density interfaces on which internal waves can propagate. On
continental shetves, such waves are pronounced at the 12.4-hour period of the
sernidiurnal tide, while in the open ocean, periods range from a few minutes
{the local buoyancy period) to about 17 hours (the local inertial period), with
crest-to-trough vertical displacerments at the longer periods of up to 30 m
{(Denman and Gargett 1983).

For cells living near interfaces such as a sharp thermocline, these
vertical motions expose them during the day to exponentially increasing or
decreasing intensities of light, ¥ the imterface iy in the lower half of the
euphotic zone, the photosynthetic rate is approximately Hnearly related o
Hght intensity, and so the effect is 4 net angumentation of photosynthesis over
what the cells would experience at rest.

Table 2.2 (from LeFevre 1986) shows the effect on illumination of cells
in the middle of 4 chlorophyll maximum layer 2 m thick riding on intemal
waves of 4 m amplitude at a mean depth of 25 m. The water above the
chlorophyll maximum has an afienuation coefficient of 0.1 m™Y, and the
attermiation in the maxinum layer is 0.15-0.6 m™. The fraction of surface
itlumination received by these cells is compared with that received by cells in
an on-deck incubator adjusted for the mean depth (24 m of surface water plus
1 m of the maximum layer). Note that, because of the exponential attenuation
of light, this is somewhat less than the average of the intensities experienced
by the cells on the internal wave. Also shown in the table are the intensities
experienced by cells in a bottle suspended in the sea at 25 m on a taut line,
where the cells actually experience greater Hlumination when the trough of the
wave passes because this moves the turbid maximum fayer below the bottle.

Table 2.2,  Ambient light, as percentage of surface value, experienced by cefis in
the middie of & chiorophyll maximum layer 2 m thick centered at 25 m, compared
with ideal on-deck and in sifu incubations.

Chisrophyll

maximm Hlumination {percent}
attenuation Siate of in Deck Suspended
,,,,,,,,,,,,,,, cosfiiclent imternal wave  nature  incubalor sy

crest 1.8 7.4

0158 7.8
trough 5.2 8.2
crest 9.9 45

0.4 81

’ trough 4.1 ’ 8.2

crest 74 3.0

4.5 m 5.0
frough 3.3 8.2
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Lande and Yentsch (1988} argued that the maximal increase in primagy
production should cecur when the intemal waves coincide with the base of the
euphotic zone in eutrophic arcas. In the upper part of the water column, light
intensities may be great cnough to Inhibit photosynthesis, and internal waves
propagating along a shallow thermocline in oligotrophic seas might actually
decrease primary production slightly (Holloway and Denvoan 1989).

Internal wave packels propagate away from the shelf over deep water, as
well as onto the shelf. Holligan et al. {1985) stadied a situation in which a deep
chiorophyil maximum layer was moved between 0.03% and 6% of surface
illumination by packets consisting of 2-6 large (50-80 m) waves with 2
wavelength of 1-1.5 km. Some evidence indicated that mixing due 1o over-
tumning of such waves could enrich the surface layer with murients during
forinightly spring tides.

{sther vertical motions, such as Langmuir circulation, can alter the Hght
intensity experienced over a few minutes (Marra 1980, Marra and Heinernan
1982, Denroan and Gargett 1983), as can the passage of clouds, and the
focusing and defocusing of light by surface waves can do so in seconds
(Savidge 1980, Fatkowski 1984, Walsh and Legendre 1988}, The I8SUES are
the depth of penetration of the effect {the spatial scale}, the depth or physio-
logical condition of the phytoplankton that makes them most yesponsive
{Abbott et al. 1982), and the speed of change relative to the time scales of
physiclogical change in the phytoplankton. These motions are potentially
velated to climatic variation through their dependence on local winds, while
climatically caused changes in the density structure of the euphotic zone
would be more Hkely to alter internal waves over continental shelves.

The issues yeviewed in this section have obvious imporiance for the
gstirnation of primary production and for the understanding of vertical distri-
bution of phytoplankionic biomass. They also illustrate the importance of
scales in relations between physical processes, supplies of puirients, and
physiology of phytoplankton. Enplications for the vest of the food web are less
clear. In particuiar, it is not clear how the spatial and temporal distributions of
species of phytoplankion are affected. To the extent that the functioning of the
food web depends on the constituent species rather than just on biomass and
primary production, the effect that vertical motions on these scales have on
community corposition needs further stady. This observation is analogous to
one ¥ made earlier in this chapter conceming the possible role of patchiness of
muirients,



Largest and Smallest Scales ~ 37

Other Effects of Intemal Waves
on Plankion

In addition o the physiological effects that intemal waves can have on
photosynthesis because of the flucmation they cause in hHght intensities,
mternal waves can also cause phytoplankters {o aggregate into horizontal
patches or strips that dielly move vertically across the density interface on
which the waves propagate. Under some conditions of iHlumination and
supply of nutrients, large-celled dinoflagellates form persistently subsurface
layers {described later, in Chapter 4, as a feeding ground for larval anchovy),
Under other conditions, the same complex of species, when sufficiently
abundant, form visible “red tides” at the swiace in mudday, swimming
downward in the evening and upward in the morning.

Kamykowski (1979 and references therein, 1981} has modeled this
effect. Figure 2.12, from ks work, shows how cells, initially dispersed evenly
in an onshore—offshore direction, become aggregated into bands that progress

Homzontal posibion {km) Figure 2,12 dggregating
3 ] 5 ard phvsiofogical effects of
i " internad waves on migrating
iy dinoflugetiores. Uppen
D affshare position of
Iy diniafliagetiaies on
; suecessive davs in a

sermidivrnal nternad wave.
- Cells, inttially ar positinng

ih {14, migrate vertically to
T

S §m below the thermociing
8 X eachnight. [f thermocfine
s & iS00 deep for ceils o

EP E reach, no SUch pattern is
. Jormed, Hovizontal

i 2 position {8 is arbitrary;

1 negative distance increases

e offshove. Diagonal line

314 shows locations of imternal

RiE Wave crest gn Suioessive

216 sunsets. Lower: relative

growth over 5 days
{rumbers 1-8} of celis
srariing ar the various
pasitions in the upper may
{e.g., circles on day 1 refer
fo sarting positions 4 and
84 Exvinction coefficient &
is .7/44 m- in laver above
thermockine, 0.040 -t
below i From
Ramykowski {4979
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Figure 2,13 History of
cells for 24 hours, starting
af positions 8 and 4 in
Figure 2.12. Migration
{dotted line) is plosted
relative to thermocline
{solid lineY; forizonia!
position (dotied lne)
relarive to stare (solidd hae);
fight experienced {(dotted
line) relarive o surface
fght (solid tine); and
uptake, respiration, and
instanianeous { ‘et
reproduction” } and
integrated net accumulation
af carbon. From
Karmykowski 1974,

slowly offshore over several days (as do the crests of the waves at a fixed tirme
of day), and how the growth rates and microenvironments (Figure 2.13) of
cells vary through time as a function of thelr inftial stavting position. Although
the moidel is idealized, both in the simplification of the physical environment
{e.g., no twrbulence) and in the uniformn behavior of the cells, it permits
exploration of the mportance on horizontal pattemn of, for example, the depth
of the thermocline (utricline) and whether or not the cells stop swimnung
downward once they penetrate the nuiricline at night for thelr “drink” of
mutrients.

Zooplankton is also moved vertically by internal waves, although the
effects on secondary production are less eastly envisioned than the etfects of
the changing light field on primary production. A striking example 18 the work
of Haury et al. (1979), who ased acoustics to visualize an internal wave packet
in Massachusetis Bay. A horizontal sampler, such as a zooplankion net, towed
af the mean depth of the pyenocline would actually catch plankters from two
distinct enviromments (Figore 2.14), One can imagine frying o deduce from
an infegrative tow at the sane depth, without environmental sensors, that
appendicularians and amphipods co-occur primarily in wanm, relatively fresh
swrface water with relatively little chlorophyil

There is an inferesting relation between internal waves and recruitment
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Figure 2.14 Data from g multiple-sawpling net with environmmental recordess towed
horizontally for 980 m through an internal wave packet: depth of tow, temperature;
salingty; chlorophyll fluorescence (arbitrary units); and abundances of wooplankionic
appendicularians, amphipods, and Calanus copepodiies. Gscillations reflect properties
maving vertically across the path of the wow. Fromi Haury et gl 1679,

having 1o do with transport of larvae rather than with the dynamics of the food
web. A promainent source of internal waves in stratified, shallow water is the
interaction between tidal motions and bottome topography of a shelf (e.g.,
Haury et al. 1979); the generating mechamsm is therefore relatively predict-
able. A seguence of Hnear shicks can be formed on the surface between the
crest and the trough of the intemal waves, These slicks are regions of weak
downwelling of water, and for this reason, neustonic animals (as well as
busvant debris) become concentrated in them. Under some conditions, the
sticks progress shoreward at velocities of the order of 50 cmsec™, and provide
a mechanism by which neustonic larval invertebrates {e.g., the blue crab,
Callinectes) and fish {e.g., filefish} are fransported shoreward (Shanks 1983,
1988, Zeldis and Jilett 1982, Kingsford and Choat 1986).

If the recruottment of such specics nearshore depends on this mechanism,
climatically caused deepening of the surface layer might alier patierns of
recruttment, Theoretically, one cowdd test this hypothesis by correlating suc-
cess of recruitment with the occwrences of internal waves that affect the
surface (e.g., Shanks and Wright 1947, but on larger scales), but one would
have to eliminate other environmental changes to demonstrale troe causation.
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Concluding Comment

Many of the patterns and processes I have reviewed in the latier portion
of this chapter have scales too small 1o regolate swrvival and recroliment of
larval fish on the scale of an entire population. § have presented some
exarmples, related to physical and chemical processes on the same scales, of
mechanisms affecting interactions between an individual and Hs source(s) of
nutrition in the food web, and of smaliscale processes that are geverally
homogenized or otherwise ignored in conventional measurements of rates of
transfer of organic matter, These processes affect the planktonic food web by
plausible, explicit mechanisms and therefore have the potential to influence
the food supply of larval fish.

1t 1 stil an open question, however, as to whether significant variation
in, say, success of a year class of voung fish can be dug to vanation in these
processes rather than o ones of larger scale. | shall present some evidence
bearing on this guestion in Chapter 4, but first, in the next chapter, I oun lo the
roesocale,



3
HORIZONTAL MESOQSCALES AND THE
PLANKTONIC FOOD WEB

The horizontal mesoscale, from tenths to tens of kilomsters, is roughly
intermediate between the datly ambit of a plankter and the area occupied by a
population; it might be relevant to the daily movements of a school of adult
pelagic fish. Operationally, it inclades the range from the length of the typical
tow with a zooplankton net o the interval between siations on an extensive
cruise, Partly because it is accessible to conventional saraphing, many investi-
gations have been conducted on the mesoscale 10 define wnportant dimensions
of patchiness and relate them to the scales of physical properties.

When samples can be taken continuously, as with a fluorometer and
thermistor measuring, respectively, the fluorescence of chlorophyll in intact
phytoplankters and feroperature, the data can be expressed as a power spec-
frum, which is basically a double log plot of variance against spatial scale. The
stopes of such spectra can indicate the scales at which patchiness of chiloro-
phyli probably has a physical cause {slope stratlar to that of teroperature, close
to ~3/3) and scales at which there is probably some other, presumably
biological, cause. Cross-spectral coherence (Le., significant covariation of
known phase relation at particular scales) can distinguish scales at which
chlorophyll varies directly with temperature from those at which it varies
mversely (Denman 1976, Denman ot al. 1977, Horwood 1978, Plag 1978).
The brevity of this description permits only an indication of the conceptual
attractiveness of this approach and conceals many difficulties in interpretation
{e.g., Star and Cullen 1981},

The examples I have chosen to review here concern horizontal relations
between phytoplankion and zooplankion, either as biomass or as species,
ogether with the implications for secondary production. This issue is similar
to that concerning the concordance of vertical distributions, and the implica-
tions for nutrition, discussed in Chapter 2. Continuous sampling, usually with
clectronic sensors, has plaved a major role in facilitating description of these
relations (though data theroseives are often sarppled or gveraged into finite
intervals). Mackas and Boyd (1979) cornbined data from an electronic particle
counier {o estimate numbers and sizes of zooplankters near the surface along a
ship’s track in the North Sea and a flucrometer and thermistor to show that the
zooplankion was more variable (i.¢., patchier) than phytoplankion or ternpera-
fure, especially on scales of 1-5 k. Cross-spectra between phytoplankion

35
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and zooplankion were coherent at 1807 that is, they were out of phase, the
zooplankters being abundant where the phytoplankicrs were rare}, which
suggests grazing rather than attraction of zooplankiers to phytoplankiers as
the cause of this scale of patchiness.

Theory {Platt and Denman 1973, Olasbe 1978) suggests that the min-
mal size of patches that can persist in spite of diffusive dispersal increases
with the generation fime of the organisims of concer. Therefore, the finding
that paiches of 2ooplankion were smaller than patches of phytoplankion
suggesied that zooplankion paiches resulied fromn behavioral aggregation
rather than from a balance between dispersive horizontal diffusion and repro-
duction, since the generation time of zooplankters is normally longer than that
of phyioplankiers. {Actually, since it is net growih—ithe excess of hivth over
death—which must compensate for dispersion, it is theoretically possible that
the grazing nearly balanced growth of phytoplankion, and so ondy quite large
patches could persist, while the zooplankion experienced hitle montality. Such
an explanation is not consistent with the out-of-phase cross-correlation, how-
ever. )

After a study of somewhat similar intent, in which the zooplankters were
identified and counted by microscope, Star and Mullin (1981) also reported
that the intensity of paichiness of zooplankton exceeded that of phytoplank-
ton. Although cross-spectral analyses did reveal some coherences at scales of
a few kilometers in two of the three environmenis sampled, the coberences
weore not consistently owt of phase.

As noted in Chapter 2, acoustic estimation of zooplanktonic biomass
provides suitable data for such analysis. The variance spectrum of biomass of
kerill, integrated acoustically over the upper 100 m in ransects in the Antarctic
Ocean, was compared by Weber et al. (1986} with the vanances of near-
surface temperature and chlorophyll (measured as in vivo flucrescence} on
scales of 2108 km, The variance spectra of temperature and chiorophyil had
similar slopes at the smaller acales, as indicated in other studies. Kxidl, which
are known o form swanms by active aggregation, were mach patchier at the
smadiest scales than either temperatwre or chiorophyil. Indeed, the acoustic
data suggesied that the actual size of individual krill swarms averaged ondy 13
m; unfortunately, the data on temperature and chlorophyll were recorded oo
infrequently (o compare variances on this scale, Cross-spectral coherences
indicated that variation of all three properties was in phase rather than out of
phase. It is worth noting that, as Weber et al. point out, sampling at discrete
stations in the same region had led o one of the earkiest discussions of out-of-
phase paichiness of plankton in the Heratwre (Hardy and Gunther 1936),
Oher studies provide data analogous to those of Weber et al. {e.g., Pleper et al,
1990), but they have not been analyzed as variance spectra.
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Implications for the planktonic food web arise conceptually from a
combination of the scale-dependent coherences of disiributions and the non-
Hnear relation of ingestion to concentration of food. Huntley and Bovd (1984)
and Boyd (1985) used an algorithim to convert data on horizontal distributions
of phytoplankion and zooplankion in the Guif of Maine, sampled electroni-
cally, into estimates of ingestion of organic carbon by the zooplankton and the
resultant secondary production. Huntley and Bovd (1984) had concluded that
concenirations of particulate organic carbon (POC) in shelf waters were
generally sufficient for maximal growth, though they acknowledged that not
all POC may be nutritious. However, Boyd (1985) concluded that, except
during the June bloom of phytoplankion, the rate of secondary production was
timited by the supply of food (as chlorophyil} at most spatial scales. Although
the zooplanktonic biomass was separated irwo size categories and the algo-
rithm was sensitive (o this, all sizes of animals generally were either food
Limited or growing at maximal rates al any one time and place.

One can demonstrate that horizontal patchiness of food is significant to
zooplankters by showing that some measure of physiclogical health, prefer-
ably one related to the rate of growth, covaries with the biomass of food on the
raesoscale. For example, Hakanson (1987) found that the short-term and long-
term storage lipids (inglycerides and wax esters, respectively) of the copepod
Calanus pacificus were positively correlated with the biomass of chiorophyll
in the Califomia Cuwrrent System (Figure 2.1). Because the triglycerides, as
well as more conservative properties, were corrclated with chlorophyil, the
relations probably reflect recent nutrition, not just advection into the Califor-
mia Cuormrent of different crops of phyioplankton from elsewhere. Mullin
{1991} demonstrated that both the production of eggs by fernale C. pacificus
and the degree of food limitation of this production were positively correlated
with the biomass of chlorophyll in the southern half of the region studied by
Hakanson, though there was much unexplained variation,

On small scales, however, in view of the evidence given in Chapter 2,
that vertical layers of food are important for Calanus, it is interesting that
Hakanson found stronger comelations when he ased the tomal chiorophyil
averaged throughout the water column as the measure of food, rather than the
maximal conceniration at each station. That is, Hakanson’s resulis do not
suggest strong vertical concordance between chlorophyll and feeding by
Calanus.

Work by Durbin and Durbin (1989) in Narragansett Bay provides other
examples of horizonial variation in the condition (and, presumably, the
secondary production) of zooplankton relative 1o biomass of food. Figure 3.2
shows the condition fas dry weight (length) 71 of female Acartia fonse on a
ransect down the axis of the bay, and two measures of the biomass of
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~~~~~~~ S : ' Fligure 3.1 Relationship
hetween health and
chlorophyll biomass for
Calanas pacificus in the
California Current, Apvil
1984 left, distributions of
chloropindl (mg w2} and
of dry weight and lipids {lig
per copepodi; right,
reigtions of dry weight,
triglyceride, and wax ester
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, in Calanus (o infegrated

’ chioraphvill af the same
station. From Hakanson
1987
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chlorophyll. The condition factor of the copepods appears to change more in
paraliel with the chlovophyll in cells larger than 10 pm than with total
chiorophyll, as if only the larger cells affected the condition of the copepods.
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Figure 3.3 Dara taken on a 6 km transect In Narragansett Bay, Rhode Island, during a
picoplankton Bloom: left, condition factor {C {lengthr™ | of Acaria tonsa, and
phytoplankion pigmenis in their guis vs. biomass of pirytoplankion > 10 ym; tght,
condition facior vs, biomass of afl phytoplankion. Frosn Durbin and Dyrbin 1959,

This obgervation is supported by the resalis of another transect doning a bloom
of picoplankton (Figare 3.3); both the amount of plant pigment m the guis (as
a measure of recent ingestion) and the condition factor {as € (lengthy™)
increased with increasing biomass of large phyioplankters, but the condition
factor was nversely related (o the total cilorophyll, which was dominated by
picoplankion.

The biomass of large cells is an instantaneous measurement, while
condition factor is an integral of conditions of growth for the copepods over
some time. On these scales, there s no assurance that the copepods experi-
enced the observed bismass of large cells during growth, nor direct proof that
ingestion of large cells caused the growth; but the data are certainly suggestive
of related patiems on the scale of a few kilometers, In light of the apparent
pnsuitability of very small phytoplankiers as food, it is worth contemplating
the effect of an apparent ncrease in dominance of small cyanobacteria during



43 - ffullin - WERS AND SCALES

a Californian Bl Niste (Putt and Prezelin 1985}, mentioned in Chapter 2.

Petorson et ab. (1991) sampled a transect across the Skagerrak (bebween
Denmark and Norway) where there was variation in vertical stratification of
the water column, though not a sharp front. The distribution of sizes of
phytoplaniters and the biomass of copepods were not clearly related to the
degree of stratification, though both were vanable on the mesoscale. The per
capita production of eggs by a large copepod, Calonus fimmarchicus, was
positively correlated with the biomass of phytoplankters larger than 11 pim
{which was 209-60% of toal phytoplankion}, but there was no such correla-
fion for a smaller copepod, Paracalonus parvus. Because growth rate of
juvenile copepnds was correlated with the rate of egg production by females,
total secondary production by all postlarval stages of copepods could be
caloulated. It varied more than twofold along the transect, which was some-
what less than 160 km Jong, and was positively correlated {though not
significantly st with the biomass of phytoplankton. However, there is no
casy way to tell how repeatable the pattern might be; that is, is it a true spatial
pattem or simply variation of encertain origin?

More extensive work in the same region by Tischus et al, (1991}
revealed sinvilarly great variability in production of eggs by Acartia olaust and
Centropages typicus, which was ondy panily explained by season, depth of
water, and biomass of chlorophyil. The latier two factors might, of course, be
related to the stability of the water columi. These workers concluded that, in
this region of complex mixing, the relation between measured biomass of
chiorophyil and fecundity is more stable over space than over fume.

Shelf Fronts

Fronts are relatively sharp interfaces between two masses of water of
different physical characteristics. Some of these features are of special signifi-
cance becagse the physical processes that establish them cause them 1o persist
over time or {particularly for fronts resulting from the interactions of periodic
currents, fopography, and seasonal surface warming) to recur regularly, 1 shall
focus on tidally generated fronts between vertically stratified and mixed water
in shelf seas. Owen (1981} and Le Fevre {1986} have also provided extensive
reviews of shallow-water fronts and their ecological implications,

Fxiensive fronts are often visible in sacllite images of ses swrface
termperatire as sharp thermal discontinuities. For this reason “interactive”
cruises, in which a research vessel is guided by satellite images to sample In
three dunensions, have been fruitful, Muoch work has been done around the
Rritish Isles on fronis generated in regions where the tatio of water depth () 1o
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Figure 3.4 Temperature gt
stations A-G in the English
Channel in lare July 1975
top, surface femperature;
botiom, vertical section.
From Pingree 1978,
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tidal current speed (v} changes rapidly. These have been called hae fronts,
sinice this ratio sets a critical value, During spring and summer, surface heating
ends to cause stratification if the value is exceeded, but mixing keeps the
water colurnn more nearly fsothermal at lesser vabues, vsually in shatlower
waters {Pingree 1978; Figure 3.4,

Adter the front has existed for some weeks, the biomass of phytoplank-
ton {measured as chlorophyll) is often large at the swrface on the mixed side of
the front or at the front itself, due o the replenishment or supply of nutrients
there, while there may be a sobsurface layer of maximal chlorophyll on the
siratified side (Figure 3.5). However, if mixing is too strong and the water oo
turbid, the crop of phytoplankion may be greatest just 1o the stratified side of
the front {Pingree 1978, Fogg et al, 19854).

Physical circulation near such a front can be quite complex, especially in
three dimensions. The surface current is often paraliel o the front, and there
can be meanders and eddies causing cross-frontal transport (Pingree 1978,
Simpson 1981, Loder and Plant 1985). Subswrface intrusions crossing the
front are also thought o occur (Fogg et al. 1985b). For example, Horne et al.
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Figrure 3.5 Chiveophyll at
starions A~ 11 the English
Channel in late July 1975
top, swrface chlorophyil;
Bottoem, verica! seciton.
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{1989) calcutated that the supply of nitrate across a tidal front on the north side
of Georges Bank from subsurface water on the siratified side was more than
adequate to supply the new production {defined in Chapter 2} in the frontal
and mixed regiouns,

An example of seasonal development is shown in Figure 3.6, and
another example is described by Fogg et al. (1985b). As one might expect
from the mechanism described above, variation in weather can affect the
fiming and magnitude of plankton blooms (Pingree 1978, Fogg et al. 1885b}.
Though dominant effects of present interest are tn the water colinn, there 5 a
relation between the critical value of the stratification parameter and the
organic content of the sediment (Figuwe 3.7). It s not clear whether this is due
to difference in prodoction of organic matier in the overlying water columm or
1o a direct effect of the speed of near-bottom currents on the dominant grain
size of the sediment, secondarily affecting its organic content. Generally, a
weaker current soeans finer grain size and, therefore, greater organic content
due o greater surface/volome ratio of sediment particies.

Differences in taxonomic composition and in stuctare of the food web
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Figure 3.8 Relative biomass {organic C) of large rooplaniton, small zooplaskton,
bacteria, and phytoplankion in 0-24 m and 38-60 m layers at strasified (ES, frontal {F),
and muxed (M) stadions in the English Channel, Numbers above hisiograms ore mean
phytoplankion bivmass (mg C =3} and, in parenifeses, the fraction of the ioial particilate
vrganic carbon attributable 1o living plankion. From Holligan et al. 1984,

may be found crossing a front, as may differences in biomass of plankton
(Holligan 1931). On the well-mixed side, diatoms often dowminate the phy-
toplankion, while dinoflagelates, such as the noxious Gyrodinium avreofum,
may formn dense blooms just across the front in stratified water (Pingree ef al.
1977, Holligan et al. 1983}, This pattern may be reproduced as a termporal
succession of species daring the springtime developrment of stratification on
the stratified side (FHodligan 1978). In at least some cases, bacterial biomass
and metabolic activity are elevated in the vicinity of a front and may conaume
much of the primary production of organic matter (Newell and Linley 1984,
Holligan et al. 1984a, 1984b, Fogg et al, 19852), competing with the distom-
copepod-fish food chain,

Holligan ¢t al. (1984a) presented a summary of differences in food webs
between mixed, frontal, and stratiticd stations in the nglish Channel, While
variability within each type of water cannot be deduced (Le., the statistical
significance of differences cannol be determined), and other fronts may present
more o less contrast than did this one, Figure 3.8 is indicative of the siriking
ditferences that can be found in short distances when fronts are present, and it
makes & sirong argument for knowing sbout any fronial siructure when siting
stations for studies of food webs,

More important for recruitment into populations of fish than the offoct of
fronts on the distribution of biomass and kinds of phytoplankton 5 any
resultant effect on zooplankion, particularly the naupliar copepods on which
many larval and young juvenile fish depend for food. Holligan et al. (1984a)
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did not detect differences in abundances of copepod nauplit at the mixed,
frontal, and stratified stations they shudied in the English Channel, in spite of
the differences in phytoplankton (see above). However, Kigrbor and Johansen
(1986} and Kigrboe et al. (1988} wvestigated the Buchan front on Scotland’s
east coast, an important rursery ground for larval berring, i two consecutive
years. Their resulis indicate that the abundance and rate of supply of naupliar
copepods sometines varied across this front. Figures 3.9 and 3.10 show the
distributions of properties in mid- and late September of 1984, the mixed
water being in the nearshore, shallower region. The distribution of phy-
toplankion {as chlorophyil} was nwch patchier on the first than on the second
transect in 1984 (Figure 3.10) or on two transects w 1985,

The biomass of juvenile and adult copepods was not clearly related fo
the front, but copepod eges wers most abundant in the mixed water in 1984
(Figure 3.11). Per capite production of eggs by copepods incubated on
shipboard was also greatest at these stations in 1984, though in 1985 produc-
tion was greatest at stations where the water colusnn was moderately strati-
fied. There was generally a positive relation between egg production and
concentration of chiorophyil, though other factors were influential as well,
since the strength of the relation varied considerably between cruises (Figure
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1986,
332}, Variability over time in the relation between production of eggs and
chiorophvlt was also shown strikingly by Tisehius et al. {1991}

The per capita egg production also represents, expressed as biomass per
biomass, a production/biomass ratio, from which (f nauplisr growth and
juvenile growth are similar) total secondary production of copepods can be
calculated from thetr biomass, On one of the two transecis in 1984, this
caleulation showed that, with respect to the front, secondary production could

be distributed differently from biomass; therefire, zooplanktonic hiomass
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alone does not always indicate “where the action I8 with respect to the
production of fish food.

Thus, these shelf-sea fronts are potentially arcas of considerable vari-
ation in the supply of food for larval fish, though the nature of this variation i
itself variable in tiroe. Quite aside from any effect mediated by the food web,
fronts roay also serve as regions where subpopulations of larvae are isolated
and retained {Sinclair 198,

Anocther type of front, refated to topography buf involving a different
mechamisn from the tidal b fronts, often ocours at the shelf break, where a
gradually inchined shelf changes to the steeper continental slope, at approxi-
wately 200 m depth. These featres are important and, like tidal fronts, are
guasi-constant on some spatial/femporal scales and quite variable on others.
Fior exanple, Foumnier of al. (1979) found that concentration of phytoplankton
{as chlorophyll) was elevated at the front east of Nova Scotia, relative to well-
mixed shelf waters, even though the concenirations of nuitrients were stmular.
They attributed this to stability of the water columnn at the shelf break even
though the stable, offshore waters beyond contained little chiorophyil. How-
ever, in & second year, the thermal front was again present but the area was
mixed to greater depths and there was no augmentation of chlorophyll,

Variability in the relation between chlorophyll and terperature was also
found by Marra of al. (1982) at the shelf break south of Long Tsland. In this
case, the data pernitted spectral analysis, ¥t indicated similar (and relatively
small) variability in chiorophyll and teroperature af scales smaller than | km
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{though cross-speciral coherence was not calculated), but it also indicated
marked variability in chiorophylf at 1-5 km due (it was argued) to growth of
the phytoplankton, since vanability in feroperature was not unusual at this
scale.

As a digression, and keeping in mind my remarks in the preface, it is
worth noting that these two studics, in many ways, are typical of much of
biological eceanography. Both involved considerable effort in sampling, in
atternpting to account for the complex physical processes affecting s dynamic
region, and in considering spatial/temporal scales of various processes. Both,
however, would have benefited greatly from more compiete temporal cover-
age, with greater synopticity, such as satellites can provide (though only for
near-surface properties), so that knowledge of the evolution of the patterns
roight (only might} clarify possible causes.

Wakes and Other Effects of Islands
and Seamounts

Islands and banks in the path of currents cause mesoscale hydrodynamic
effects, and in some cases these appear to influence the biomass and preduc-
tion of plankton. For example, Stmpson ¢t al. {1982 observed that lowered
sea surface temperatures were commonly seen fn satellite rnages around the
Scilly Tsles (on the shelf southwest of Comwall), suggesting mixing of deep
water to the surface by tdal currents. A hydrographic section from Comnwall
into the Irish Sea indicated that the biomass of chiorophyll was greater in
weakly mixed water tharn in the most mixed, coldest water adjacent to the Isles
thowever, cold surface water adjacent to Comwall also contained a large
biomass of chiorophylly. The conceniration of chlorophyll was least in the
most stratified water columns. Both chiorophyll and primary production in the
region were guite vaciable, but only chlorophvll was linearly related (in-
versely) to the stability of the water columm. Simpson et al. (1982) caleulated
that the istands were responsible for a sixfold enhancement of phytoplank-
tonic blomass over an area fen times as large as thelr land area.

Qceanic islands situated in a strong, steady current have been observed
t0 generate a series of mesoscale eddies known as a von Karman vortex street,
Barkley (1972}, studying the phenomenon at Johnson Atoll in the mid-
Pacific, reported that an eddy was shed about every two days and drifted
downstream at sornewhat less than the speed of the upstream current (60 cm
sec™). Though the atoll is only 26 km in diameter, Barkley belicved that its
effect extended 600 km. The vortices are altemately cyclonic {counterclock-
wise in the northern hemisphere) and anticyclonic, so that doming and dipping
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of nutriclines should occur, as well as mixing, possibly affecting priroary
production {though Barkley did not study this).

At smaller current speeds, there may be trapped eddies on the down-
strearn side of an island, but not a folly developed vortex street. Heywood et
al, {1990} observed such a situation around islands in the South Equatorial
Current of the Indian Ocean, together with doming of isopycnals, lowering of
temperature, and enhancernent of the biomass of chilorophyH near the surface.
When the currents were weaker still, the efffect could not be detected.

Other mechanisms can give rise (o envichment of phytoplankton around
istands, of course. Dandonnean and Charpy (1983} examined data on surface
chiorophyll taken from ships of opportunity in the western South Pacific,
where currents are weak and the nutricline is quite deep. They concluded that
statistically significant large-scale enrichment is most conmmon well south of
equatorial upwelling around high islands withowt extensive lagoons, rather
than around all islands, Because of this, they believed that mumoff of temig-
enous nutrients is the lkely cause of the enrichunent,

Submarine banks on continental shelves have water flowing over as
well as around them. Their effect on production of plankton depends on their
size and the characteristics of the water reaching them, and on the degree of
vertical mixing and “trapping” of water over the bank in a gyral circulation
relative to the rate at which water leaves the bank (Loder ct al. 1988), Fime
3.13 is a sketch of the relative reagnitudes of vertical diffusion, recircolation,
and residence on four banks in the western North Atlantic: Flemish Cap
{deep) and Southwest Shoal of the Grand Banks (shallow) off Newfoundland,
and Browns Bank and Georges Bank surrounding the Guif of Maine (both are
strongly impacted by tides). Georges Bank has both the absolute size and the
relative importance of vertical diffusion to have a great effect on primary
production, Loder et al. (1988} suggest that scaling the hydrodynamic pro-
cesses in this way is essential to compare the effects of the banks with
biclogical time scales.

Oceanic seamounts (which rise from water more than | km deep) are
capable, under certain conditions of current and stratification of the water, of
setting up an anticyclonic vortex (8 Taylor column) that can remain trapped
above the seamount for weeks, causing distortion of isotherms and local
enrichment. Genin and Boehdert (1983) observed uplifiing of isotherms (which
is possible because the anticyclonic rotation is not in geostrophic balance) and
vertical profiles of chiorophyll above Minami-kasuga Seamount that were
different from those at “control” stations away from it (Figures 3.14 and 3.15).
However, they did not detect these phenomena on two other sorveys.

The farge poputations of demersal fish that often inhabit such seamounts
may obtain part of their nutrition from macrozooplankton and micronekion
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whose aororal downward migration intercepts the seamount (fsascs and
Schwartzioee 1965), Genin et al. (1988) reported evidence supporting the
hypothesis that the distribution of migrating 2ooplankion becomes patchier in
the vicmity of rough topography, but they attributed this effect as much to the
hydrodynamic effects of the topography as o predation by demersal fish.
These cxamples tustrate the effects of topography in creating meso-
scale vartation both on contimental shelves (banks, islands) and in the open

TEMPERATURE {°C}
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Figure 315 Vertical profiles of chlorophiyil ae “conirol” siations (Jeft) away from the
seamount and {right) over the seamount shown in Figure 344, From Genin and Boklert
1985,

ocean {scarnounts, islands). There is fess divect evidence of the effect on tarval
and juvenile pelagic fish, though the distribution of some pelagic fisheries
suggests that adulf populations are asseciated with topographically caused
mesoscale feanwes (Uda and Ushine 1958},

Miller (1974}, working off Maw n the Hawatian Islands, reported
evidence that concenirations of larval fish and zooplankion were elevated on
the upsiream face of a swall islet Moloking) while coment was flowing, but
wo few samples were taken to establish the generality of this result. The larger
Hawsiian Islands often have eddies of 3060 km diamster in their vicinily.
Lobel and Robinson (1986) argued that the overall effect of such eddics on the
reef populations is a balance between the removal of larvae from the reefs by
entrainment and the retention of such larvae in the immediate vicinity of the
island i the eddy for up 1o two months, Effects on larval fish of eddies of
other origine are discussed in the next chapter.
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Oiceanic Eddies

Textbooks frequently depict an oceanic boundary curent (such as the
Gulf Stream, the Chile-Perg Currentt, the Kuroshio Current off Japan, and the
Benguels Cuorrent off West Africa} as smooth, siraight flows separating
waters of the continental shelf and slope (relatively cool and fresh) from
oceanic central water masses. While this correctly represents the mean flow,
such a current usually consists of a series of meanders or loops. When one of
ihese loops becomes sufficiently oxaggerated, a rotating eddy of a few
hundred kilometers in diameter is pinched off and can drift away from the
custrent.

Inthe Nowth Atlantic, an idealized “cold-core” eddy consists of a ring of
Gulf Stream waler with cyclonic (counter-clockwise) rotation located east
andfor south of the Gulf Stream, sorrounded by the relatively warm, sligo-
frophic Sargasso Sea, and enclosing relatively cool, eutrophic water from the
Arperican slope or shelf. A warovcore eddy i the opposite: a ring with
warmer water af its center and anticyclonic rotation, drifting west and south of
the Gulf Streamn along the continenial slope.

The surface temperatures and (sometimes) the biomasses of phytoplank-
ton of these rings differ from the surrounding water, creating qoasi-circular
oceanic fonis that can be detected and tracked by satcllites (e.g., Gordon et al,
1982). There may be a relation 1o botiom topography, since seamounis off
New England may ifluence the formation of the Gulf Stream meanders
{Richardson 1983}, Because they represent an isolated, large example of one
environment and Wotic copununity “invading” another (Wiebe of al. 1976),
and because a large fraction of the ocean’s kinetic energy is in such mesoscale
_features {e.g., Richardson 1983}, the rings have been the object of intensive
study over the past fifteen vears.

At any given time there are likely to be approximately ten cold-core
nings in the Sargasso Sea, covering about 10% of is surface area, and ranging
up {0 & year oF more in age since separating from the Gulf Swream (Urtner et ai.
1978). Current velocities can reach 1.5 m sec™! in the region of fastest rotation
of a young ring, and the feanmes tend to drift to the southwest through the
Sargasso Sea at mean speeds of 5 cmsec™ (Richardson 1983). The swrface
manifestation of the rings may be lost doe to local warming and mixing with
Sargasso Sea water while there are siti remnant anomalies between 200 and
800 m (Wiebe et al. 1976). While the ring is aging, its fauna roay change from
that characieristic of the continental slope 1o that characteristic of the Sargasso
Sea {Wiebe et al. 1976), but for phytoplanktonic species (which have a shost
generation time), conditions may pormit development of a flora that for a time
is not simply intermediate between the two (Oriner e al, 1979),
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Figure 318 Positions of wars-core ving 82-8 off the Middle Ationtic states in March,
May, and Junz 1982, The consinental shelf is shallower than 200 m; the steepest part of the
slope v between 200 and 2,000 m. Inset shows fransects resuliing in Figures 318,319,
and 3.20. From Nelvon ey al. 1965,

As a ring ages, the populations it contains may become subtly unfike the
skope-dwelling populations from which they were derived. BEuphausiids
{Nematoscelis megalops) ve deeper in the water coltnn in a cold-core ring
than over the slope. Individuals from a ring that i5 nine months old contain less
Hipid and less orgasic carbon and nitroger, respire at fesser rates, and generally
show more signs of physiological stress than do individoals from slope water
{Wiche and Bovd 1978, Bovd et al. 1978}

Approximately five warm-core rings are forroed from the Guif Strearn
each year. They scem {0 change more rapidly than cold-core rings. They fend
tex fose thelr surface identity by contact with the atmosphere, because they drift
at a fow centimeters per second (o the scuthrwest (Figure 3.16), where the Galf
Strearn Hes close to the American shelf, They are also likely 1o be altered by
contact with the shelf and slope {(since they are as much as 1 km deep} or by
mmteraction with the Gulf Stream (e.g., Evans ¢t al. 1985}, A conunon fate of
such rings is to re-anter the general flow of the Guif Strearn within about six
months,

Although waro-core ving 82-B, formed in February 1982, was probably
stadied as itensively from a biclogical perspective a8 any soeanic mesoscale
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feature has been, changes due o ecological interactions within the ring were
not always easy (0 separate from those due to intrusion of swrrounding water
from various sources. Phyvioplankton and other seston decreased in surface
waters due to deep convective mixing in March 1982, as well as to grazing
(Bishop et al, 1986}, Vertical strocture within 3 ring can also be disrupted by
siorms, as seen in ring 81-13 in Septomber of 1981 (Hitcheock et al. 1987,
When sampled in April 1982, the phyvtoplankionic blomass of ring 82-B was
rather unifonm with depth, and owch lower than in the surrounding shope
water. By hioe, bowever, the upper 100 o of the ring was siratified, and the
phytoplankionic biomass (especially siliceous forms, indicated by biogenic
silica} equaled or exceeded that iy the slope water (Figure 3.17). Therefore,
the ring was not & permanently oligotrophic “desert” surrounded by rich slope
waler but a mesoscale featore whose spring bloom of phytoplankton had been
delayed (Hitcheook et al. 1985),

The souwrce of nutrients for this bloom was a counferintuitive physical
process. Since warrg-core rings are anficyelonie, downwelling of water within
the ring is expected, tending 1o move nuitients away from the surface. Warm-
core rings decay or wind down through friction, however, and this causes
upward moverment of the deep pyenocline and muricline, aiding {but not
entirely accounting for) the supply of pufrienis for “new” production (as
defined in Chapter 2) (Franks et al. 1986, Nelson et al, 1989),

Transects across ring 32-B in hmne {see inset, Figure 3.16) show more
clearty the mesoscale distribution of properties within and around the ring
(Figure 3,18). The steep downward sloping of the isotherms shows the
anticyclomic flow at the edges of the ring. On the second transect, a secondary
feature called a shelf-water “streamer” was encountered about 73 km to the
northeast of the ning’s center. Figures 3.19 and 3.20 show the distribution of
biological properties on this second fransect. The concentrations of chloro-
phyll and particulate ATP {2 moeasure of metabolizing biomass) were greatest
at a depth of 25 m arcund the center of the ring and in the streamer, while
particulate organic carbon, measured either directly or by counting particies
electronically ("Coulier POC™), detrital carbon (fotal moinus Hiving POC), and
biogenic silica were most concenirated at the center of the ring. Bacierial
biomass and productivily, however, were greater towards the edges than at the
center, as was the biomass of picoplankion (Pecle ot 2l 1985, Ducklow 1986},

Withan rings, the subsurface moaxima of chlorophyll and ATP (Figuwe
3.19) may be maintained n part by the distributions of grazers. Roman et al,
{1986) reported that small zooplaokiers were less abundant in these maxima
than at shallower depths,

The rooplankion of ring 82-B was studied by size class, since different
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Figure 3.18 Vertical sections of safinity (upper) and temperature (ower) through ring 52-
B. See Figure 3.16 for transects I and 2. From Nelson et al, 1985,

meshes of nets filiedng different volumes of water were necessary, The
biomass of macrozooplankion £ 500 Wim) was greater in the ring in June than
in April, and the Increase was primnarily due w increased abundance of larger
{possibly camivorous) zeoplankiers such as eophaustids (Davis and Wiebe
1983}, The estimated consumption of macrozooplankion by micronekion wag
sufficiently small to be consistent with the morease in the former (Boyd et al,
1986}, Roman et al. (1985) did not note any difference o the bomass of
microzooplankton (64-333 o) between April and June, nor did they record
an increase in zooplankters larger than 333 wo when they sampled with a
different net. That any increase in biomass occurred in the largest types of
zooplankton was somewhat sarprising, since the late bloom of phytoplankion
in the ring should have stimulated the growth of smaller, herbivarous copep-
ods instead.

By Iune, the biomass of macrozoopiankion in the ring excesded that in
siope water and was concentrated at shallower depths {Wigbe et al, 1985).
Microzoopiankionic bioreass in the ting alse exceeded that in slope water in
fune, but this was because the biomass in slope water was less in Juoe than in
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Figure 308 Vertical secrions from mransect 2 {see Figure 3.16; of chlovophyil (shading
indicates > 0.6 yg it} orsanic carbon in particles > § pm, estimated by elecivonic
counsing {shading > 10w}, particuiote ATF (shading > 500 ng I-1); Biegenic silica
{shuacding > 700G sy and particidate organic C {shading > 20 wa), From Nelson of ol
April, not because biomass in the ring bad increased (Roman et al. 1985}, (41
Fapan, Yarsamoto and Mishizawa (1986) reported a marked increase in
abundance of several species of zooplankion crossing from slope water into a
warn-core ring of the Kuroshio Current.

The smdies of ring 82-B. based on cruises several weeks apast, again
ilhusirate the difficalty in distinguishing changes doe o food web processes
within the ring from changes due to advection and mbvng, (Perhaps as a result
of this experisnce, some of the investigats are atwmpting © develop an
acrmstic uoy that canrecord rooplankionic biomass winle drifting untended.)
Atleast five hydrographic infrusions oocurred during the Hfe of the ring, and &t
was it the process of being absorbed i {or overwashed by} the Gulf Strears
when i was studied in Apgust. The “strearner” (Figure 3.18) had particularly
bigh concentrations of microzooplankion, which might have affecied the
biomnass in the ring. Wiche et al. {1983}, who atiemipied to distinguish in s
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Figure 3.28 Vertical
sections from fransect 2
{see Figure 3.16} of
bacterial cells (shading >
230718} picoplankion
{shading > 1.5 pm); and
detrital organic carbon
{(shading > 8 ). From
Nelson et al. 1935,
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from advective changes by using changes in salinity (o indicate the advective
changes, concluded that nwch of the increase in macrozooplankionic biomass
was due o growth 7z st Panitioning the increase among species of known
biogeographic affinity (ie., slope water versus Guil Stream species) might
have clarified matiers.

In genexsl, storm-generated furbulence could disrupt a ring, as i is on
the right scale. Such disraption has been difficult to observe, however, Cowles
et al. (1987) commented on changes in zooplankionic biomass in ring 81-D
after a storm and on the implications for grazing on phyioplankton, but the
sampling was insufficicntly replicated (in my opinion) to trust thelr conclu-
sions.

in the Califomia Cuorrent, there is a region approximately 1530-250 km
offshore in which mesoscale eddies are particularly comumon, and may be
important in moving coastal populations offshore and oceanic populations
shoreward {Simpson 1987). Study of one sweh warnvcore eddy revealed
processes analogous to those in Gulf Stream rings, but this eddy seems 1o be
persistent, or at feast to recur in more or less the same location, in several veass
{Simpson ot al, 1986).

The eddy was detected and followed by satellite tmagery, but its vertical
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structure was gquitie complex, and so the relations between the vertical distriby-
tions of chiorophyll and temperators and the data gathered by CZCS and
AVHRR sensors (designed to measure these propertics near the surface) were
guite different from the relations in the surounding water. Entrainment of
cold water containing 2 large biomass of chlorophyll, probably originating
many kilometers northeastward as cosstal upwelling, was noted, ag was
alteration of structure by & windstorm. Analysis of species of zooplankion
occurring in snd around the eddy also suggested entrainment of water from
several sources. The species were stimred together (though not roived ©
homogeneous composition i the eddy), but the overall faunal composition
was not unusual (Haury 1984, Haury et al. 1986).

In summary, rings and eddies can provide mesoscale sites in which
conditions are quite different from surrounding water, even though they have
proved less isolated from thelr swrroundings than originally expected. One
consequence is that a tme series of data designed to study seasonalily {(e.g.,
Menzel and Ryther 1960) can be distoried by an eddy that crosses the sampled
arca but is nol recognized as such., The food web may have a different
structure, different timing, or both, compared with the sunrounding water. o
addition to their potential advection of larval fish, eddies can alier migration
patterns of adults. Saitoh et al. {1986}, in comparing the dismbution of
commercial catches of saury in their southward migration from the Oyashio
the Kuroshio off Japan with AVHER images of sea surface tomperaiuge,
concluded that schools avold and migrate around mesoscale eddics. It would
be interesting to know whether the fish in that study were responding 1o the
physical or 1o the biotic conditions at the fronts around the eddies.

Rhestorical Questions and Comments

In this and the preceding chapter, 1 have illustrated by some examples
the relations between physical processes on micro- and mesoscales and the
distribution and productivity of plankton on these scales. For brevity, I have
omitied other, equally good exampies, the most notable being coastal up-
welling {see, e.g., Barber and Smith 1981). To the extent that plankionic
productivity generally, or the production of specific categories of plankion,
constitutes the supply of food for larval and juvenile fish, recruitiment to fish
populations can be affected {(specific cases are presented 1w Chapter 4)
However, | believe that the fraction of interannoal or spatial variability in fish
recnitment that can be accounted for statistically by vadation in planktomc
production is not known for any pelagic population, and so we are proceeding
tased on a qualitative, though reasonable, beliefl In fact, until better methods



Horizoniai Mesoscales - 6%

are devised for estimating the secondary production of those plankters acto-
athy used as food by voung fish, we are unlikely to improve the situation. I will
return o this issue in the final chapter.

The relevance of Chapters 2 and 3 depends on the validity of the
asswroption that to understand fidly the organization and dynamics of pelagic
ecosysterns, so as to predict how they will respond to very large-scale climatic
change, one must first understand the physiclogy, behavior, and ecology of
plankton on scales much sroaller than an ecosystern, It is usefuld 1o speculate
on some possible changes in physical processes on these sialler scales,

Tidal fronts are related to the seasonal development of stratification on
one side of a boundary that is determined by depth and curent speed. A
presumed mechaniam for the ecological importance of such fronts is the close
proximity in space and time of nuirient enrtchmentt and a stable water coluron,
Wil this proximity change in response o cliraatic warnning, e.g., because of
an aliered relation between nuirients and density? If so, will fronts beless of a
“hot spot” for secondary production and hence for growth of larval fish? If
Sinclatr (1988} is corract thai the importance of fronts, at least for herring, is
due more to the physical retention of Jarvae within a genetic subpopulation
than to an avgmented supply of food, the effect of climatic warmming on fish
recruttment will be modest, even if primary and secondary productivity are
altered, as long as the hydrographic properties of the front are retained.

{reviewed the effects of mixing and infernal waves on primary produc-
fion. Given that climatic wapming and increased stratification of surface
waters is fikely to be most intenae toward the poles (especially the North Pole,
which lacks the Sowth Pole’s vertical circulation to carry away heat), is it
likely that mixing will become less imporant there and intermal waves more
so? If it is, will floristic composition, vertical disirtbution, or patch structure
change as a result of this shaft, or will the hmiting factor for primary produc-
ton in high latitndes change from lght to nuirienis? It the pycnocline is
deeper, will internal waves therefore be kess likely 1o provide a mechardism of
shoreward transport for neustonic larvae?

Figure 3.21 shows a relation between characteristic patch size, patch
intensity (as determined by the coefficient of dispersion), and mean abun-
dance of developmental stages of a common copepod. Wikl this relation apply
to decregsed mean abundances over a large area, and will the foraging
strategies of zooplanktivorous fish need to change in emphasis from finding
and remaining with a dense patch 1o rapid transit befween less miense
patches?

CGiven that there is mesoscale variation In primary and secondary pro-
duction, how imporiant is this in the longer term? Is variability withina
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population of zooplankters in lifetime fecundity, which integrates over time,
greater or less than vanability in gut contents, RNA/DNA ratio, or daily egp
production, and how muoch genetic varianon is there? Under what conditions,
or tor which populations, does successful recruitment depend on satisfaciory
median conditions for juvenile stages over most of the reproductive range?
For which populations must 8 small but imporiant percentage of larvae co-
occur with anomalously high concentrations of food for a considerable part of
larval kife? Consider, as exaroples, Figures 3.1, 3.3, and 3.12. Are the mortal-
iy rates of the respective populations such that Calanis with > 20 yg wax
ester, or Acarvia with carbon condition factor > 1.2, or Temora producing > 3
eges per day, owst be present somewhere in cach population’s range for the
population to swrvive?

These issues and similar speculations are intellectually stimulating, but
unill the small-scale effecis of climate change are befter understood, they
probably cannot be resolved. There are, however, several areas in which 1
believe progress s needed soon.

It is essential to embed more thoroughly and more frequently small-
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scale measurements within studies on larger scale, with the infent (o determine
whether increase in enderstanding actually results (assunung that understand-
ing of variation on scales of populations and commpuinities is the ultimate
goal). For example, one could combine analyses of gut contenis of zooplank-
ters with thermisior microprobe detection of “patches” of twbulence © see
whether the animals are, In fact, more efficient at utilizing the phytoplankton
in such patches, as the mode! by Rothschild and Osbom (1988) would
suggest. One might also fry o determine whether the rates of growth of
populations in the zooplankton show some spatial or fevoporal correlation
with the mtensity of turbulence on 3 large scale.

Even if those two studies yielded positive resolis, one stitl needs 0
perform the analysis of gut contents and turbulence on smalf scales in the
context of a larger study, to reduce the possibility that some covariate of
turbulence, or some ecological interaction other than feeding on phytoplank-
ton, acially caused the variation in growth rates of the zooplaniton. In formal
terms, if one has a favorite, particular, small-scale explanation of the large-
scale phenomenon, one must not only obfain data consistent with it but also
try to eliminaie other possible explanations, In less formal terms, those of us
who do this work need to be able 1o move the topic of small-scale causes and
targe-scale effects from “Discussion” to “Resulis” in our published papers.

The amount of work required to spalyze the vanety of small-scale
interactions in terms of their real roles in the dynamics of a single population
or a whole community renders this goal virtaally unattainable, at least with
preseni iools. Are we really going to be able to analyze the mesoscale
population genetics of enough pelagic species {e.g., Bucklin et al. 198%) 1
determine which mesoscale variation in population dynamics is genotypic
and which ecophenotypic? On the other hand, such practical impediroents do
not mean that the goal, as a goal, is meaningless.

We need to transfate into specific terms for pelagic ecosystems the
theory that crucial, small-scale relations exist between the physical/chemnical
environment and the populations that will determine the systeny’s response o
large-scale perturbation, and o idenify the relations. As I noted in Chapter 1,
there is theoretical reason to think that such cracial relations exist, but for most
ecologists who work on small scales, this is (§ suspect) simply an agticle of
faith or a rationalization for choosing ractable, well-encompassed problems,
There is obviously a strong role to be played by further development of the
theory of functioning ecosystems, but my sense is that much present theoreti-
cal work is dominated by “terresirial” {and intertidal) paradigms, where
competition for living space as such is infense.

Further (and this also retins to a thome of Chapter 1), we need to be
able to measure abundance and rate of production on many scales, and to
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degree, the premise has been siatistically examined relative o other hypoth-
zses, but the fact that it became technologically more feasible to study larval
feeding than, say, predation on juveniles has lent the premise a certain
pragmatic momentum. We ofien tend o continue longer than necessary the
sindies we already have developed the techniques to do, becavse development
of new technigues to test other hypotheses, inclndimg pilot studies in the field,
is frequently tine-consuming and urrewarding.

First-feeding has been emphasized also because the need for specific,
critical norsery habitats for voung fish has been less precisely defined, and
therefore is less likely to be investigated, for pelagic species than for demersal
ones. Recent emphasis on the troportance of hydrographic fronts, either as
regions where larval food is prodoced or as regions where the circulation
promoies cohesion of larval stocks (Sinclatr 1988}, 1s changing this.

I have chosen (o review these studies {rather than, say, purely demo-
graphic studies of the fish popuolations) for the same reason: because Hnkages
between the food web and recruitment have been explored. Only some of the
explanations for variability in woruitment of these pelagic species exphcitly
invoke the food web, and in evaluating those that do, it s important to bear in
roind some caveats.

First, the simplest depiction of a fond web-—as a chain from generalized
phytoplankton 1o generalized zooplankton to young fish—is too simple. It is
attractive (and therefore widely used) because the properties involved (fotal
primary production, biomass of phytoplankion as chilorophvE, and zooplank-
ton as displacement volume) are relatively easy o measwre. However, phiy-
foplankters and zooplankters come in various shapes and sizes, ondy some of
which are actually eaten by larvae of a particular speciss (though pelagic
marine animals are, in general, quite cathohe in diet relative (o ferresial
ones). For example, the CalCOFT prograro (which is one of the oldest pro-
grams in ficheries occanography i the world) does oot inchude routine
measvrement of the distribution or production of the specific food of any
farval fish, though the types of plaokion acually eaten are well known, Most
correlative explanations of vadability in larval feeding success rely on the
asswnption that the edible plankion is distributed more or less as are the more
easily messured properties such as total chlorophyll or volume of large-
bodied zooplankters,

Second, the distribution of sizes of plankters way well be infhienced by
the physics and chemisiry of the environment, and this distribution has
pnplications for structure of the web. Ooe example is the competition of other
zooplankitvores, particularly ctenophores or jellyfish, with fish for the same
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Figure 4.1 Muitiple pathways in the marine food web leading to zooplanktivorous fish,
based on size. The dominans pathway depends parily on the physical stratification and
matricnt concentration of the euphiosic zone, and partly on the sizes and rypes of
phytopiankion that dowinate as a vesult. Since each transfer step involves energy lost fo
respivation, the efficiency of vonversion of primary production o fish is affected. To
complete the web, imagine arrows representing the ingestion of fisf eggs and larvae by
somie copepods and carnivorous zeoplankiers, and ingestion of copepod eggs by some
dingflageliares. From Landry 1977,
stzes of food (and the fact that many of these “competitors” are also arval fish
predators), as saggested by Figure 4.1, A second example, due to improve-
ments in techniques for assessing the sbundances and rates of growth of
bacteria, very small phytoplankters, and protozoans, is what has come to be
called the “microbial lfoop,” by which dissolved organic matter and defritus
can re-enter the food web in which young fish participate (Figure 4.2}
Cushing (1989) has reviewed the woplications of the mdcrobial loop for
fisheries,

These concepts are less prominent in the work reviewed below than |
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Figure 4.3 Catch of sardines along the North American Pacific coast. From Frey 1971,

believe they should be. To complete this picture, one might include the
microcosms represented by organic aggregates, though (as discussed in Chap-
ter 2} the significance of these to fish is virtually unknown,

interannual to interdecadal Scales

During the Depression, the California fishery for sardine began to grow

rapidly until, by the mid-1940s, it had become, in tonnage, the largest fishery
of its time. Abruptly, however, as the Second World War drew to a close, the
sardine catch along the North Pacific coast declined dramatically. Within the
next decade, it all but disappeared (Figore 4.3).

An intense argument developed, to a degree pitting federal against state
fisheries scientists, as to the relative roles of overfishing and ecological
change (the scientific argument was exacerbated by interagency rivalry;
Radovich 1982, Scheiber 1990). Initial sampling indicated an increase in
anchovy roughly matching the dechoe of sardine, suggesting a competitive
replacement (Figure 4.4).

Scales then entered the story in two senses. Off Southern Califormia
there are rather isolated, deep basins, some of which are anoxic for long
periods, meaning that the farge benthic organisms that disnurb the bottorn
sediments are rare or absent (but see Lange et al. 1987}, and consequently fish

scales and other sinking particles accumulate in distingt layers. By counting
fish scales in cores of sediment, Soutar and Isaacs (1974) could study the
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Figure 44 Estimaied spawning biomass (log scale) of sardine {zohd} and anchovy
{dashed) off Califoraia and novthern Baja California. From various sources, summarized
in McCall 1986,

interaction between the species, at least the interaction indicated by their
relative abundances, on a temporal scale that extended well before the period
sampled by the fishery.

They found that the size of the sardine population (8t least over the basin
sampled} had been guite variable long before the intense fishery (Figure 4.5),
andd that the sizes of the populations were not in a simple, verse relation to
each other, as would have resulied from a purely competitive situation or
predation by one species on another, If anything, the comrelations between the
scale deposition rates of the species were positive. Further, the total biomass
of important pelagic fish of all types apparently had varied considerably on the
scale of decades (Figure 4.6). This suggests again that changes in sbundances
of species were not due siroply fo variation in the partitioning of 3 constant,
United amount of food between the compating species of fish.

Several explanations for this variation are possible: that the relation
between deposition of scales and population sizes had varied through time, so
that the summed demand for food had been more constant than suggested by
Figure 4.6; that some other complex of competing species, such as cteno-
phores or yoyetophids, also varied, tnversely from the fish; or that the sizes of
these populations had not been limited by food supply. This last possibility,
though, is unlikely, since at s peak the sardine population alone was esti-
mated fo consume much of the secondary production of zooplankton in the
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California Current (Lasker 1970). Therefore, there may have been real vari-
ations on the decadal scale in the supply of foed for these pelagic fish

The same sediments contain other informative materials, such as diaiom
frustules which vield information on interannual to decadal variation in
pelagic organisms with much shorter generation times than fish and therefore
with potential for more wapid vadation {e.g., Lange et al. 1990). Direct
comparison of variability of fish and their food has yet to be made from these
records. Resolution of the finer scales is Hiuted by the flux of identifiable
rernains and by the precision and accuracy of dating layers.

Variation in the population of anchovy, as revealed from scale records,
is not related to the primary production of phytoplankion in the Southem
California Bight (Figure 4.7} as estimated from temaperature anornalies (which
themselves may indicate variation in the supply of nutrients for phytoplank-
ton). However, the biomasses of presumed anchovy food Gmacrozoopiankion
and microrooplankton} are statistically related to the primary production over
shorter periods (Smith and Eppley 1982}

Interanmual and interdecadal variation in pelagic fish stocks is of obvi-
ous concern to fishermen and fishery managers, but it impacts other other
elements of the marine food web as well. Piscivorous seabirds should be
particularly susceptible to such variation, as suggesied by Figure 4.8 (and
Figure 4.18), since their ability o switch to altemative food sources is Hmited
by their diving capabilifics. As questioned in Chapter 1, what are the causal
connections {if any) between variability of fish stocks on these decadal scales
{and, though this is an assumption, over large spatial scales as well) and
hiological-physical interactions via the food web, where shorter scales of
variation are likely because of shorter generation times? What Hght can
simpulation modeling shed?
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At the other end of the spatialfternporal scale is the range of seconds o
davs and millimeters to rocters, This describes the range between the reaction
of an ndividual larva 1o prey and the ambit of an mndividual during the fow
Jays after the yolk sac is absorbed and food must be found o avoid starvation.

Because it is possible 1o rear several pelagic fish in the lsboratory and o
determire the age of feld-caught larvac from daily growth rings i their
otoliths, i 18 slso possible to observe and describe in detall the ontogenetic and
behavioral changes in early life (Figure 4.9) and to focus on events at the scale
of individual larvag, The ability to perceive and strike successtully at prey
oreases with age, as does the range of prey sizes that the larva can awallow
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(Figure 4.10). Since eggs are spawned by schools of adults, the youngest

larvae are quite patchy in distribution; they become more evenly distributed

by dispersion {as well as rarer, because of mortality} unul they begin to show

their own schooling behavior (Figure 4.1 1)

Sore experiments and observations on small scales have been directed
at determining the factors affecting larval mortality due to predation by
invertebrates and by other fish (including cannibalism}, as shown in Figuze
4.9, The ontogeny of larval escape responses presumably influences the age-
specificity of farval mortality by interplay with the distributions of abune
dances of types of predators, nuch as prey distributions and the developrment
of predatory capabiliies by the larva affect the age-specificity of larval
growth, The lghting conditions, presence or absence of aliernative prey for
the predator, and size {age) and health of the tarvae all influence the suscepii-
bility to predation {e.g., Lillelund and Lasker 1971, Folkvord and Hunter
1986, Butler and Fickett 1988; see Bailey and Houde 1989, for a review).
There has been little application of these laboratory studies in attempling
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tr account quantitatively for natural rates of mortality, though the large-scale
distributions of potential inveriebrate predators have been deternyned at
certain times {Alvariftio 198(0). Pepin (1987) obtained some evidence indicat-
ing that larval per capifa mortality was influenced by the relative availability
to the predator of altemative prey (measured as zooplankiivorous fish bio-
mass/zooplankion biomass).

The twin processes of becoming more cfficient at predation and at
avoiding predators nferact o the degree that the growth rate affects the
rapidity with which the larva attains the capability for sirong escape (2.3, size-
dependent mortality in the simulation by Wroblewski and Richman 1987,
described below). What has not yet been accomplished is to integrate this type
of mformation into a more general understanding of larval mortality in the
ocean through knowledge of the distributions of larvae, thelr foods, and their
predators, measured both on the scales at which the individua! interactions
occur and over sufficient space and time 10 pertain o the strength of recruit-
ment of a vear-class,

Well-designed laboratory experiments inchude reasonsble duplication
of natoral conditions, limited by physical space and the investigator’s motiva-
tion o simplily those properties thought to be extrancous and to exaggerate
those of particular interest. Simulation miodels, though they also represent
idealizations of nature by emphasizing certain propertics, stifl permit exien-
sion in complenity beyvond the laboratory resuits on which thev depend,
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becaose they allow mathematical descriptions of individual components of
behavior and reactions o specific environmental factors to be combined
algebraically.

For example, the results of many separate behavioral studies of larval
anchovy were combined with a description of abundances and distnbutions of
their prey by Vivmen (1977} to assess conditions for larval growth, As noted
in Chapter 2, laboratory rearing had suggested that larvae might require
paiches of dense prey for survival, rather than mean concenirations. Yiymen
assumed that the cumulative abundance of prey of different sizes was hyper-

patches of dense prey (as distinet from the layers discussed below) were
superimposed on a background of dispersed prey, with the dimensions of the
patches and the spacing between thern depending on the “mean crowding” or
contagion pararseter {rom the negative binomial describing the paiches and
varying with size of prey (Figure 4,133

Given the experimentally derived infornation on the searching behav-
ior, attack success, digestion, and respiration of larvae of various sizes,
Viymen could then caloudate the expected growth rates (excess of digestion
over respiration) of larvae as a function of the patchiness of prey. As shown in
Figure 4.14, growth is best at intermediate degrees of patchiness, where the
density of prey of each size is approximately 10 fimes its “background”
density. Lasker and Zweifel (1978) extended this model to explore further the
conseguences of the increasing success of attack and size of prey that can be
ingested as a larva grows.

As is often the case, the result of Viymen's model is not a prediction of
larval growth useful (o & fishery manager concemed abowt each year’s recrait-
mient, nor does it explain the large-scale vartation shown in Figure 4.5, frdoes
demonstrate, however, that information on the scales of patchiness of prey of
various sizes, as well as total abundances, may be necessary (but not suffi-
cient} for such a prediction or explanation. Indeed, the work of Owen (1889},
reviewed in Chapter 2, is a good example. Specitically, Owen found that the
infensity of patchiness of about 20% of the cases analyzed was sufficient 1o
maxinyze tarval growth by the criterion shown in Figure 4.14.

The wility of this model for 8 manager, and enderstanding of the larval
environment, would be enhanced by a description of the relation between the
contagion parameter, K, and physical tusbulence generated by weather acting
on a water column whose vertical stratification {and therefore the depth of
penefration of tarbudence} 13 also predictable from routine measurements.
Skmuldations such as that by Davis et al. (1991}, which I reviewed in Chapter 2,
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are ained at establishing analogous relations. Do stratification and torbulence
vary on scales that affect long-term changes in pelagic stocks? H they do, doss
this variation really sct through paichiness, through changing the primary
productio at the base of the food web, or trough some other mechanism?
Py the field scientist, it becomes imteresting to know whether the spawning of
the adulis is at all influenced by the patchiness of larval prey, elther as sensed
directly by the adults or as regulated by topographic fegtures that the adulis
peiceive. Does the growih rate of larvae ab various ages, as yocasured from
otolith rings, vary with patchiness of prey? This is 3 ditferent guestion from
asking whether mean growth rates and mean concentrations of prey are
correlated at large scales in space or time,

£ should point out here that weather, and water movement in sesponss i
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particles, as a function of the contagion parameies., k, Srom the negative binomiol
distribution. From Viymen 1977

weather, may bave effects on larval fish that are less directly due o the fond
web and its distribution on small scales. One hypothesis states that advection
of larvae from favorable to unfavorable areas by wind-genersted flow can
vary interannually (Mfavorable” and “wnfavorable™ are imprecisely defined,
but are large in scale). Indeed, it seems to me that most studies of the effect of
physical oceanographic processes on pelagic fish recruitment, when the
physicat oceanography is explicit—not simply implied, as in Coshing’s (1972)
match/mismateh hypothesis—have focused on the advection of farvae,

For a coastal specics, advection offshore by upwelling is usually thought
10 be urdavorable, even if the quality of “badness” cannot be defined. Seasons
and locations of spawning are thought o have been influenced by evolution 1o
minirnize such drift (Parrish ot all 1981, Power 19868). Yet, a map of maximal
abundances of nauplil in the California Currert (Figure 4.15) suggests that
offshore advection could bring nauplivorous farvae into betier rather than
worse conditions, especially north of Point Conception. (This impression
results in part from the paucity of very nearshore samples in the years
mapped. )
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Figure 4,34 Growil vates in length (om day '} .)f furvae ar 4 remperatures as functions of
the prey comiggion parameter, k. See Figure 4.13 for relation of & t6 patch radins, From
the relation berween prey concentration and size (Figure 4.12), a given k may represest
different patch vadii and different spacing between patches for different sizes of prey.

From Viven 1977,

In the discussion that follows, the reader may recall the complaint of
expertmentalists, semmarized i Chapter 1, that even strong comrslations in
fickd datz roay be ambiguons as o causation unless the various plausible
causes act on different scales and the corrzlations are scale dependent.

YVertical Lavering and the Event Scale

The issuc of small-scale distributions of food, eowhasizing ventical
lavers rather than horizontal patches, has been explored because of laboratory
evidence that certain large dinotlagelistes are sotable food for first-feeding
larval anchovy (the more robust larvae of other species can feed on
microzoopiankion), and may be the only suitable food ocourring natorslly in
subaurface layers dense enocugh for thelr growth, Lasker (19753), sampling
water and seston from various depihs off southem Califrnia, assayed the
samdes for suitability by determining in which samples first-feeding larval
anchovy (hatched on shipboard) could fill thelr guts with food. Only tn a
subsurface chlorophyll maximum layer (which contained large dinofiagel-
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fates) was this possible. Kiefer and Lasker found evidence of this layer (o
stilar ones) at six stations for 100 kn along the 20 m contour of the Southem
Califormis Bight.

A sudden windstorm, useally the bane of the seagoing oceanographer,
apparently disrupted this layer (Figure 4.16), and at no dopth was thew
suceessil foeding, Although advection of a new water mass with new, more
homogeneous vertical distributions was not precladed, the resalt was conss-
ient with the bypothesis that rolxing by storros, ofien thought to be beneficial
in restoring nutrients for phyvtoplankton to surface layers, is actually detrimen-
tal to larval anchovy becaose it destroys easential dense layers of dinoflagel-
tates, sven i the average biomass of phvioplankion increases, As noted in
Chapter 2, the smallest-scale nurbulence associated with the storm cowdd alse
have been directly detrimentsl 1o the continued growth of the dinoflageliates,
but this would be unlikely 1o affect the larvae for some days if the dense
fayering had persisted.

Two scales are involved here (only 1wo, since frst-feeding larval an-
chovy kack scales - Figure 4.9): the temporal “event” scale of the storm and the
vertical scale of a few ens of meters, OF course, coastal storms vary in
intensity and effect. A sunilar study of vertical distributions by Muollio et al,
{1985}, also uermapied by the mixed blessing of a storm, revealed ne such
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lavering of food, etther for larval anchovy or for mackereliike larvae feeding
on farger prey (Figuee 4.17),

1t is not true that all layens of large dinoflagellate cells are beneficial to
larval anchovy. Lasker (1978) noted that the svmored dinoflageliate, Gonvaulax
pofyedra, is less satisfactory as a food sowrce than the tnarmored Gysnodinium
spleadens. There is even evidence from stodies of the feeding and distribution
of zooplankton that some G. splendens layers may be poor feeding locations
(Fiedier 1982). Around the North Sea, subsurface layers may be dominated by
species of dinoflageliates koown 1o be toxic {e.g., Bjomsen and Nielsen 1991,
discussed in Chapter 2). Thus, there is some asymmelry in predictiveness,
Ahhough conditions that prevent the formation of dense layers of dinoflagel-
lates might thereby prevent successtul recruttrnent, conditions that permit such
fayers might not enswre strong recruiiment undess the particalar species re-
sponding to the conditions was of the right size and ouiritional guality for the
farvae.

These small scales are related o the mterannual scale of variable
recruitrnent through inferanoual variation in weather, Supporting evidence that
vears of intense mixing by local winds might be poor for recritment of
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Figure 4.17 Vertical distributions of prey off southern California before ond after a
windsiorm, for (A} anchovvitke and (B mackereilike farvae. Within cach type, prey are
categorized as large or smali { “large” prey for anchovy is approximately “smali” prey for
muackerel), and concentrations are expresved as equivaient favge prey. From Mullin et ol
1985,

anchovy was obtained by cxamining the reproduction of the wunelet, a
seabird nwich dependent on young-of-the-year anchovy (Lasker 1978). Coastal
winds in December-February (anchovy spawning period) were strong
197376, weaker in 197677, and strongest in 1977-78; March—-Apri winds
were prich stronger in 1976 and 1977 than in 1978, The timing and extent of
chitch production by the Xantus” murrelet (Figure 4.18) were consistent with
the hypothesis that larval anchovy survival was rauch better in 1977 than in
1976 or 197%. However, divect interference by winds with the birds” nesting,
suggesied by the difference in thning between 1976 and 1978, could not be
raled oul, nor could variations in spawning by adull anchovy or depth of
occurrence of the young fish.

Further evidence showing that both winter storms and spring advection
of larvae could be sigmificant was obiained by comparing the birthdates of
tarval anchovy surviving to be at least six months old {based on daily growth
rinigs on their otolithe) with the dates of spawning ss determined by surveys
{(Methot 19833, In 197778, the winter was stormy b the spring relatively
mild (see above), and large-scale winds of the appropriate direction to cause
rransport of larvae offshore were anornalously weak, The actual production of
farvae by spawning from an adult bismass of 1.3 x 10° sons peaked in laie
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Figuere .18 Clutch indtiaiion dates in I_G.i(}. 1977, and 1978 for Xantus' musrreler on
Channel Jsfands in the Southern California Bight. From Lasker 195].

February, but the larvae that actually survived (o reonsit were born priroarily
n March and April (Figure 4.19), and the overall sirength of the vear-class
was good. Hence, whatever harm the winter storms bad done was apparently
compensaied by good sarvival of larvae bom late in the season. By contrast,
the buthdates of survivors more nearly matched the Uming of spawaing in
i978-79, when both the winter storminess and the spring winds causing
offshore mansport were normal, but the vear-class strength from a spawning
biomass of 1.7 % 1% tons was only half that of the previous year, One wonders
what the year-class strengih in a year of both unusual storminess and offshore
fransport would be,

Simulation rodels again have a dual role: they show directly, though in
an idealized sination, the various effects of mixing by wind (Gutrients mixed
o the surface, layers dispersedy; and they allow “experiments” to be por-
formed by altering wind speed and/or duration or by changing the mathemati-
cal formndations used to express ecological relations. Wroblewski and
Riclwoan’s (1987} model of the responses of 2 sirople food chain of notrients-
phyteplankion-rooplankion-larval fish iliustrates this, though the model is
resiricted o vertical distributions (Le., no horizonial variation) and is devoid
of migratory behavior by the organisms and sinking of particles. It sssumes
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Figure 439 Birth dates of juverile anchovy surviving ai leasi & months {npen Bistogram,
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that afl phytoplankiomnic hiomass is equally good food for herbivores, and &
lacks both the smalier-scale effect of turbulence on contact between indi-
vidual farvae and particles of food (see Chapier 2) and a dynaric description
of predators on farvae,



86 - Mullin - WEBS AND SCALES

Q.3
Figure 420 Assurned
GROWTH = 5% per day / mariclity rates of larval
.4‘/) anchovy growing i
B & different rates. From
A & : . .
502 f Wroblewski and Richman
= - 1987,
E o HI% per duy
2 4 _,x“"“f
; - ‘.“*“““““
2 gl N
el e 5% per day
% :
o " - 2&% per day
o 1 T 3 L = s
8 L oy 20 30 4.0 8.0 &0

TIME {days)

Based on the qualitative argoment that sfowly growing larvae are more
subject to predation than rapidly growing ones, the mortality rate was taken as
a tunction of larval growth rate and age (Figure 4.20). Growth rate was
calculated as assimilation of food (dependent, of course, on food availability)
minus respiration {excretion). The phytoplankton grows according to avail-
ability of nutrdents (which therefore decrease) and light, and is eaten by
zooplankion, which itself’ grows in response hut dies at a constant rate (ie.,
predation by larvae is insufficient to affect the zooplankionic crop; of. McGowan
and Miller 1980, Cushing 1983},

fn the absence of wind, the vertical distributions change due to warming
at the surface and depletion of nuirients by phytoplankton (Figure 4.21); a one-
day windstorm restructures these distributions somewhat, and ecological inter-
actions tend towards restratification (Figure 4.22). Larvae (which feed on a
fixed fraction of the 2ooplankionic crop, not on phytoplankion) are “spawned”
mnto the system just before the storm, so that their mortality is uniform with
depth and the vertical distribution of their growth and mortality rates changes
because of the dynamics of the simple food chain (Figure 4.23).

Such a model is not intended for prediction of actual ovenis: rather, itis a
tood to explore ecological relations and reveal critical gaps in knowledge. For
exarnple, the model permits coraparison of the effects on larval mortality of
windstorms of various durations (differing, real events) with those of grazing
on phytoplankton by zooplankton (different forroulations of the same process).
Wind has an effect on larval survival and growth, but the differences between
a one-day and a three-day storm are minor compared with the issue of the
cogrect desoription of the dynamics within the simplified food chain.

In a subsequent version, Wroblewski et al. {1989 demonstrated the
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miuitively reasonable proposition that 8 sequence of stomms s quite deleteri-
ous, increasing larval mortality 1o 2 1% per day by preventing restratificstion of
fond. H concentrations of larval food are indtially suboptimal, however, asingle
storrn followed by at least two weeks of calin weather can be beneficial 1
those tarvae bom such that they begin feeding 2 few days after the storm,
though it is disastrous for those lrvae that begin to foed just before the stonm
strikies Figure 4.24).

Relevance o the Recruitment Probilem

Returning o the world of real data, recent investigation of the interannual
variabifity in mortality of Jarval anchovy, and of recruitment to the adolt siock,
s helped place the issue of storms and Iayers of abundant food in larger
perspective. Itis worth re-emphasizing here, given my comiments in Chapter 1,
the enormous amount of data, on one species of fish alone, which must be
gathered before competing hypotheses can be tested. I wind-induced miving
is somehow detrimental to young anchovy larvae (through disruption of
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tayers of food, or some other mechanism), then larval mortality ought to be
statistically better related to storminess than to other possible sources of
mortality. To test this fully requires that the other sources of mortality also be
independently measured, and such data are seldom available,

Howsever, the mportance of stonms relative 1o other {though unknownt)
sources of maortality can still be examined. Peterman and Bradford (1887)
calcwlated, for January to Aprid for 13 vears between 1954 and 1984, the
nmumber of four-day periods in each month for which wind speeds were less
than 10 m seo! (mintmal turbulence). They then weighied the valoe for each
month by what fraction of total spawning for the year occurred in that month;
that is, each month’s “troportance” depended on how much of the total year's
spawning occurred then. For these 13 years, there were also estimates from
samples of the daily mortality of 5-19-dav-old larvae (though, of course,
mortality probably vared both temporally and spatially within each year),

Figure 4.25 shows that average mortabity decreased as the frequency of
cabrn periods increased. This was only frue when the frequency was weighted
by sach year’s tomporal disidbution of spawning, mplying that the really
significant issue was the frequency of calm periods when spawning was most
intense. The result does not prove, of course, that the mechanism of moriality
involved lavers of fond; such proof would have required data on frequency of
starvation {now obtainable from histological examination of specially pre-
served larvae) or on larval growth rate (from the daily rings of the otolith, also
requiring special preservation), However, Peterman and Bradford did show
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that larval mortality was related neither to the size of the adult anchovy
population (thus, cannibalism was not doroinant) not to offshore ranspornt
driven by the larger-scale wind field.

This does not mean that predation and offshore transport are insignifi-
cant as variabies for all ages of young anchovy, nor that interannual variation
in recraitrnent is due primarily to larval mortality. In fact, the anmual recruit-
ment, which varied about tenfold from 1965 1o 1985, bore listle relation to the
abvndance of 19-day-old larvae or of eggs (Figures 4.26 and 4.27, Peterman ef
al. 1988}, Note that the period studied includes the years for which Lasker
{1978} argued that recruitment of anchovy, as reflected in seabird hreeding
{Figure 4,18}, was related to the wind field, and conchuded that variation
first-feeding survival affected recruitment.
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This is, clearly, a disappointing and antichimactic conclusion. It implies
at best that larval trophic relations, and the small-scale and event-scale
processes that regulate them, have rather little bearing on the manager’s
problem of predicting recruitment, however interesting they may be in thetr
own right.  Of course, recmitroent in other species may prove o be more
responsive to earty larval mortality, but given the limited capabilities of first-
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feeding anchovy relative 1 other larvae, any stronger relation betwesn first-
feeding success and recruitment wounld probably be due to relative constancy
of mortality in the juvenile period for such species, rather than o more
variable food-related monality in larval stages,

Space on the Mesoscale

Fhysical processes and plandaonic biomasses vary horizontally within
the anchovy's spawning range and within one season on the rogsoscale (a fow
to a few hundred kilometers), Larval growth and survival might be expected
to vary on the mesoscale as wall, but such vanation has been very difficult o
demonstrate. First, the time scale of the larval pararoeter being measured nwst
be appropriate for the duration of residence of larvae in the mesoscale feabwre
hypothesized o be causal. Second, the larval paramsters have both anabytical
and real, smaller-scale vanability associated with them, and an enormous
amount of work can be required to demonstrate significant variability on the
mesoscale,

Maorphometric, histological, and biochemical measures of larval “condi-
tion” have proven useful. Por example, Hakanson (1989, b) recently showed,
by rearing larval anchovy at various concentrations of food and starving them
for various periods, that of the lipid components, iriacyiglveerol is particularly
respotsive ¢ nutritional conditions, while cholestera] and polar Lipids are
stabler {as would be expecied from their stiuctural roles). He was able to
demonstraie significant mesoscale variahility within 3 spawning season and a
correlation of variability to the lipids of large zooplankters (and, by inference,
to growth and production of larval food), but he did not show a comprehen-
sible spatial pattern or develop a statistical model for predicting gond larval
condition from other measwrements.

A type of mesoscale feature that has reccived considerable attention
along the 1.5, east coast is the systemn of eddics generated by a meandering
current such as the Gulf Stream {(discussed in Chapter 3). The effects of
sitnilar features in the California Current on the distribution of zooplankton
have been investigated (Haury et al, 1986}, but less is known about the
relations berween such eddies and larval fish, either in the sense of advecting
the Jarvae or throogh modifying their food web, However, Fedler (1986)
argued that, in 1985, 2 100-200 km nontheastward displacement of an anticy-
clonic eddy {normally centered at 32°N, 124°W), together with offshore
expansion of the spawning range of adelt anchovy, was responsible for
anorcalous offshore transport of larvae by enirainment of water from the
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Southern Catifornia Bight oto the eddy. The fate of these larvas was un-
known, and overall recruitment of the 1985 vyear-class was not adversely
affected.

Related studiss have been conducied in the western North Atlantic.
Flierl and Wroblewski (1885) showed through a simudation model how
warm-core Gulf Stream rings could impose mortality by entraining latvae
from the U.S. castorn continental shelf. Supporting evidence, from analysis of
interannual and geographic vartability in recruitment success of demersal fish
stocks, mdicaies negative relations between recruitroent and indices of off-
shore enfratrunent by the rings dwring the larval period (Myers and Drinkwater
1989}, Interestingly, vanahility in recroiiment of pelagic fsh stocks was not
related to the incidence of rings, but Myers and Drinkwater pointed out that
the estimates of recruitment o these stocks are not very reliable.

Predictable mesoscale hydrographic regimes created by bottom topog-
raphy, such as tidal fronts, are less cormnmon along the California coast than in
regions occupted by Atlantic herring stocks (see Sinclair 1988, and Chapter 33
because the Californian shelf 18 s0 narrow and fidal cuavents relatively weak,
Nevertheless, the offshore islands and banks that serve to separate the South-
ern California Bight from the California Current proper forin a habitat on this
spatial scale which seems o provide s enhanced supply of food for some
farvae. Theilacker (1986) showed throogh histological analysis that the inci-
dence of starving frst-feeding jack mackerst larvae is much smaller around
these islands thap o the open California Current (Figure 4.28). Presumably
{but not demonatrated in the same study), the supply of food is greater around
the islands than farther offshore. An alternative, though more complex,
hypothesis is that predators on larvae weakensed by starvation are much more
active around the islands, rapidly removing such larvae from the population
there, Caloulation of total larval mortality rate would resolve these alferna-
tives.

Indeed, the contribution of starvation to otal mortality of jack mackerel
farvae in the offshore region, but not around the islands, was vestigated by
Hewitt et al. (1985), who nsed laboratory growth rates and daily growth rings
of otoliths to estimate larval ages, and assored that prodoction of eggs was
constapt over the peried represented by the range of ages of the larvae. Mean
tarval growth rate was fastest in the subarea where biomass of zooplankion
was highest, but differences in growth rate were not statistically sigraficant,
and there was no apparerd relation between zooplankionic bisrpass and
incidence of starvation in the larvae, Mortality rate was calculated as a
function of larval age, though extensive manipulation of data conceming the
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Figure 4.28 Relative incidence of lurval jack mackerel in variows mugritional states
offstore and arouwnd islands in the Southern California Bight, From Theilacker 1985,

voungest larvae was required because the mesh used o capture them was 100
farge. Starvation was the dominant cause of morality only for fist-feeding
farvae (Figure 4.29), and (obviously} only predation could affect the yolksac

stage.
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Somewhat similar conchusions were reached by Owen et al. (198%)
concerning larval anchovy. Although the abundance of small zooplankters
(larval food) differed by a factor of 2 at the two sifes studied, growth rates of
larvac were similar, as were histological indices of larval condition, and the
incidence of starvation was very low. The mortality rates were also indistin-
guishable. Based on abundance of anchovy eggs (from which the adult stock
could be computed), Owen et al. argued that cannibalism should bave been
greater at one site and noncannibalistic predation greater at the other. How-
ever, it is unsatisfying (to me, at least) to have to explain the resulis by
invoking a factor that was not directly measured. Indeed, the authors report
that the incidence of predatory copepods was highest at the site where most
anchovy eggs were foand, so that even soroe fndivect evidence weighs against
their conclusion,

Speculations about Climatic Change
Based on El Nifio

The illustrations Lhave given, moving from large to small and ending in
the mesoscale, do not “explain” variation in recruitment to populations of
schooling, pelagic fish in the California Current. The elements of a montage
are there, and they cover several scales, but the current state of knowledge is
not, metaphorically, a unified, artistic creation. At present, the hypothesis that
the larval food web is the dominant source of variability in recruitment has
been weakened by the failure 1o explain most of this variability by plausible,
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physically caused varation in the web  Yet, as | have pointed out several
tines, the food web iiself has seldom been sampled adequately, Basily
measured bulle properties have aspally been the variables available for analy-
sis, Further, fow mdividual studies cover a wide range of scales. We do not
really understand how small-scale distrilwitions change in response to large-
scale clirpatic variation, though there are some stirnulaiing possibilities. The
simudation maodels discussed above ustrate another tool for exploring the
S50E.

The present understanding of the ecology of larval anchovy, though
inperfect, saggests some apecific guestions about how such large-scale cli-
matic change in the ocean, originating in the physical structare, might alter
population dynamics of this and ecologically similar specigs. Qualitatively, it
appears that large, nontoxic dinoflageliates——the kind thought by Lasker to be
essential for fust-feeding anchovy—have a competitive edge over faster-
growing diatoms because of their ability to reduce and assimilate nitrate at low
intensities of light and, under some conditions, to migrate dielly from the
sundif swrface 1o the nutricline (see Chapter 23, Further, the horizontal distribo-
tion and aggregation of dinoflageliates near shore can be affected by the
nteraction between their diel vertical migration and internal waves that
propagate along the thermochine (Karmykowski 197%; see Figore 2,12}

Suppose that, as effects of clinatic wanming, puirient-rich subsurface
waters form at a reduced rate in polar regions and the nutricline and ther-
mocline deepen in eastern boundary currents, Will the “life-style” and distn-
bution of large dinoflagellates be adversely affected and, if so, will the
survival of first-feeding larval anchovy be affecied, perhaps benefiting mack-
erel larvae (which feed bmmediately on zooplanktom)? Or will the laval
anchovy happily switch to fisst-feeding reliance on protozoans, taldng advan-
tage of an ephanced microbial loop originating in microflagellates thriving
under the new, more oligotrophic phyysical regiree (Figure 4.237 Or, will there
still be dinoflageliates, but only unnutritious or toxic ones?

Bven if a Californian El Nifio provides a model for warming and greater
stratification in the California Currerd, the 1982-83 El Nifio did not provide
muich support for these speculations concerning anchovy, and too litile rel-
evant information was gathered in ways comparable to non-El Nifio sampling.
Biomass of total phytoplankton in the Southern California Bight was reduced
and redistributed relative to the long-ferm mean paticrn, and the thermocling
was deeper (MoeGowan 1985). There is, unfortanately, Hitle information on
specific fond for larval anchovy, such as the prevalence of offshore, subsuor-
face layers of dinoflageHates, It is known, though, that Gymuodinium was



Larval Ecology and Regruifment - 87

present nearshore in spring of 1983, and the assemblage of net phyioplankion
there was not anomalous except in October-November, when the water was
also anomalously warm (Reid et al. 1983). Preliminary examination of the
sedunents of the Santa Barbara Basin (Lange et al. 1987) indicates that
changes in the diatom fora and radiolarian and foraminiferan faunas can be
detected.

However, little information is available on metaroan microzooplankton
except through the correlations between micro- and macrozooplankion re-
ported by Sroith and Eppley (1982) and between reduced macrozooplankionic
hiomass and El MNifio events (Wickett 1967, Chelton et al, 1982, MeGowan
E98S). The spatial scale of longshore patchiness of nearshore zooplankion and
net phytoplankion and protozoans was nvestigated during February-March
of the Fl Nifio {Mullin et al. 1989, Reid and Stewart 1989), but few anomalies
could be atiributed unambiguoushy to the Bl Nifio, partly because fow siudies
had been conducted in non-El Nifio winfers using similar methods of sam-
pling and analysis.

The spawning sochovy were individually small, and fecundity per batch
of eggs {but not total egy production) was therefore reduced. Larval mortality
was elevated, as roight be predicted, but this mortality was in the prefeeding,
volksac stage, not the fecding stage (Fledler ot al. 1986). There is litile
evidence, then, of an effect on the food web of firsi-feeding arvae in this case.
Further, Butler (1989) found that growth rates of surviving larvac were not
depressed in 1983 relative to other years, and the 1983 and 1984 year-classes
were abundant after recruiiment to the fishery. However, juvenile growth
rates were depressed and the juventies were sroall, so that the 1982-83 El
Mifio might have had more of an effect on the reproductive potential of those
year-classes than on their abundances,

The reduction in macrezooplankionic bicnass that accompanies both El
Nirio and less dramatic redoctions in the southward How of the California
Crrrent and is faken as 3 rocasure of the supply of food for larvae, apparently
makes lile difference o recruitiment of Pacific mackerel Its recruitment
success (relative o its spawning biomass) is related directly o the increase in
sea fevel, which signals reduction in southward flow (Figure 4.30). Hither the
fond that is actually critical for mackerel larvae is inversely correlated with
bulk planktonic biomass and southward flow, or food s relatively unimpor-
tant for survival, Given the general, positive correlation between patchiness
and abundance {e.g., Figure 3.21}, it is ditficult to argue that during El Nifio
periods adequate food 1s provided by patchiness rather than by mean condi-
t1om1s.
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Tnterestingly, recruitment of Pacific mackerel was very poor in 1983 and
1984 {(Mac(Call et al. 1985), following the onset of the very strong El Nifto of
1982-84, during which sea level was much higher than normal (MeGowan
1985). This suggests that the relation implied by Figure 430 may have
changed, and may illustrate the guotation from Rothschild (1886} given n
Chapter 1.

In somee crucial respects, the Califormian Bl Nifio may nor be & good
minimodel of the effects of global atmospheric warming. Bakun (1993
argues that, during atmospheric warming, the land will be heated wmore
markedly than the ocean and the increased thermal differential will tntensify
the equatorward winds that favor upwelling (though Frank et al. {1990] have
predicted opposite trends for winds on Canada’s east coast).

What will happen if an increase occurs in the duration and intensity of
individoal upwelling and relaxation events in eastern boundary currenis (ie.,
fewer events than at present, each lasting longer)? Will entire year-classes be
lost to “offshore drift” because a whole season’s spawn is exported, or will the
succession of less disturbed phytoplankton in the longer stable periods favor
large dinoflagellates and thus prorpote survival of anchovies at the expense of
strictly zooplanktivorous larvae? On this same theme, if there are longer
periods of wind forcing, will the resolting greater coherence lengths of
longshore currents amplify the longshore transport of coastal farvae to topo-
graphic regions of semipenmanent cross-shelf squirts and jets, where very
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high offshore velocities will export them? This final suggestion is more
pertinertt 1o the Northern California coast, with its stretches of straight cosst-
iine broken by capes such as Mendocing, than 1o the Southern California
domain of the anchovy.

Storms could also affect the predators on larvae. Jeliyfish (nchuding
ctenophores) are relatively ragile, and seem to be more adversely affected by
rough weather than piscivorous fish are. If the frequency or duration of calm
weather changes, will the nature of the most significant predators change?

Cuantitatively, consider the implications of Figure 4.25 from Peterman
and Bradford (1987). Suppose that, as a resulf of climatic changes, the median
frequency of 4-day calm periods (on the weighted scale) decreases by 33%
from 24 t0 16 but the indermonual vaniance in storminess remains constant,
Wil the median daily mortality rate actually shift 0 0.27, as saggested by the
regression? Perhaps more impontant, will the frequency of weak year-classes
become so great as to overwhelrn the buffer created by lieroparnity (Murphy
1967Y7 This 15, of course, a specific example of the general issue discussed in
Chapter 1 whether correlations relevant to present chmate can be extrapo-
lated to predict the ecological effects of climatic alieration,



5
FURTHER THOUGHTS
O VARIABILITY IN RECRUITMENT

I have atiempted to illustate physical/chemical influences on the distri-
butions of biomass and primary and secondary production of plankton at
various scales, and o show how larval fish may be affected by them, possibly
{but not necessarily) resulting in variations in recruitment. I have chosen
examples in which processes on particular scales present both opportunities
for increased understanding and potential impediments {(or at least complexi-
ties) to be recognized n designing programs of sampling. Finally, T have wied
to indicate, in a gualitative and inhnitive way, how different scales may be
causally comecied,

The direct participation of larval fish in the planktonic fond web, the
relative ease with which they and other plankiers may be caphured, the
capability to rear and study the larvae and their food in the laboratory, and the
development of fechmiques to determine ages and rates of growih have
contributed to the elaboration and testing of the long-standing hypothesis that
farval feeding ecology is crucial. These examples, however, do not prove that
recruitment is determined by the supply of food for young larvae, even for the
well-studied anchovy in Californian coastal waters; indeed, the analysis of
Peterman ef al. (1988} suggests that this is not the case, Nor do the studies of
Hewiti et al, {1985}, Owen et al. (1989), and Boter (1989) lend strong support
even to the simpler hypothesis that larval growth or starvation can readily be
related to concurrent abundances of food. Bven Theilacker’s {1986) resul,
shown in Figure 4,28, is not strong positive proof, because the abundances of
tarval food were not determdned at the two sies.

The nature of proof iz one issue, whether one needs proof only for a
specific fishery for a specific period or wants to establish a general principle,
Formally, one must atternpt 1o falsify the noll hypothesis that there is no
relation between recruitment success and supply (or aciual use) of larval food,
but this falsification can be accomplished by finding a single, siatisticaily
significant connterexample. Bven this is necessary but not sufficient proot.
There showld also be data from the same case study that are adequate {0 test
comparable, competing nufl hypotheses concerning effects of predation, etc.,
but fail to falsify them. In reality, most ecologists (and fishery managers)

00
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wontld probably be satisfied by inductive proof, namely, a series of cases i
which variation in food supply was the mwost reasonable explanation for
recnsitment varighility, both statistically and mechanistically, even if other
plausible explanations had not been eliminated.

Study of interannual variability of recruitment of cod in Morweglan
waters {surmmarized by Fllertsen et al. 1990} provides some strong evidence of
the imponance of food supply, but it can also be used to Hlustrate how
extensive such investigations can become. Ellertsen et al. found that poor
recruiiment was statistically associated with anomalously cold years (though a
few of the warm years also gave rise to poor year-classes), and that the
maximal praduction of nauplil of copepods (mainly Calanus finmarchicus)
alsos oocurred later in the spring ducing cold years, Because nauphiar Cafanus
co-occur with farval cod in the upper few tens of meters, and are an unportant
food for them, and because the spawning of cod is relatively Invariant in time,
Bllertsen et al. proposed that the success of recruitment depends on the
coincidence of larval cod and naupliar copepods, and that this Is more wide-
spread in warm than in cold years—a maich-mismatch argument (Cushing
1972}

What other findings might one add to this scenario o sirengthen the
argument? First and foremost, one should show a strong correlation between
farval survival measured on large scale and subsequent recraiiment as demer-
sal juveniles (ie., a rosult different frore that roplied by Figure 4.26 for
anchovy). This is distinct from showing only that conditions that should enable
larvae to survive are correlated with subseguent recruiiment.

Fllerisen et al. showed that the fullness of the guts of field-caught larvae
depends (nonlinearly) on the concentration of naupliar copepods where the
farvae are caught, One would like o be able to show also that larval rates of
growih are significantly greater, and mortality less, where and when naupliar
copepods are more abundant. This should be true on mesoscales in time and
space within years, as well as interaonually, and perhaps on small scales as
well, Linear regression analbysis could be misleading, since the underlying
relations are probably curvilinear, as they are for gut follness; Le., the larval
rates are dependent on nauphiar abundances within one range and independent
within another range of greater abundances.

For example, the argument could be sirengthened if one obtained data
for a moderately cold vear indicating proferential survival of larvae bom late
in the season, simifar {0 the data shown for anchovy in Figure 4.19 for 1978,
plus evidence that copepod naupli were significantly rarer in Febroary than in
Aprit of that year-—plus additional evidence that predation on larvae was not
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anomalously high in February, and that many larvae were emaciated then
Considering the same example, even if the large-scale mean coucentrations of
nauplii in February and Aprif were not statistically different, an interesting set
of resulis concerning the importance of still smaller scales would show that
the spatial variance was significantly greater in Aprl, that there were nonran-
dom spatial associations of larvae with patches of anomalousty abundant {on
this scale) nauphi, and that these larvae were well nourished. Ellerisen et al. in
fact considered this possibility with respect to vertical distributions within the
upper few tens of meters, but they argued that vertical migrations by larvae
and their prey would effectively homogenize the abundances within this
region of co-oocurrence.

Going beyond correlations on various scales, one should wry to demon-
strate gquantitative balances between sopplies and demands. For years of good
recruttment, one should be able to show that the pauphiar sbundances were
sufficient, given the larval respiration, defecation, growth, and ability 1o bumt
and capture prey 8t various ages and temperatures {cf. Figure 4.9), for larvae to
et their metabolic demands. Hilertsen ot al. reporied the oritical concentra-
tion as 2 50 nauphll per Hier {though the field studies of gut fullness suggest that
concentrations 2 10 nanplit per liter nught be sufficient).

Further, one shoold show that these nauphiar abundances were sustained
by reproduction in copepod populations long enough, and over large enough
areas, to account for subsequent recruitment of juvenile fish, and also to
satisfy the needs of all the other populations that compete with larval fish for
this food (of. DBagg et gl 1984, concerning copepiod nauplii and larval walleye
podlock in the Bering Sea). These coropeting populations are likely to be
diverse and themselves interannually vadable. Because of tus diversity and
the difficulty in separating advective changes in biomass from changes due o
differences hetween input and output of organic matter, 1S no ivial exercise
to caloulate the overall balance between production of and demand for food
for larval fish. Indices of growth by individuals in those populations that
compete with larval fish (say, a certain size range of chactognaths) should be
posttively correlated, from mesoscales to large scales, with recruttypent suc-
cess of the fish, though sbundances might not be.

Given that mesoscale differences in the food web are common, suoress-
ful larvae might well come from speciiic sites in the spawring range, and
these sites might differ from vear o year. Assuming that the population was
genetically heterogeneous botween siies, it roight be possible to show corre-
spondence batween the genotypic composition of the best-nourished larvae
and that of surviving reeruits, which would establish a relation between larval
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nutrition and subsequent recruitment. It could also be important to identify the
sites responsible for successful recruitment in years when overall recroitment
was strong and in years when i was weak. Identifving and managing sites that
sustain g population through poor years is obviously of practical importance.

One would still need to assess the role of predation on prerecruit juve-
niles as well as larvae, which would be difficult if the abundances of predators
and larval food covary. If larval food supply is the primary determinant of
recnuiiment, one should be able o show either that predation is negligible,
invariant, or uncorrelated with total larval mortality, or that it is directed
primarily against malnournished larvae (1.e., that predation is a proximate more
than an uitimate cause of death).

Elertsen ot al. did not try to establish a direct connection between the
magnitade or fiming of prodaction of copepod naoplit and primary production,
nor between those processes and the hydrodynamics affecting thern. Verifica
tion of the importance of primary prodoction ideally would be based on an
analogous set of observations relating wambiguously the variability in pro-
duction of nauplii by copepods {or production of other larval foads, such as
tintinnids) o that of primnary production—a truly davnting task!

Predation and cannibalism on juventes may be at least as significant as
larval food supply, particularly for demersal species (2.g., Sissenwine 1986).
Because of the difficulty of detormining a mortality rate with any precision
(since juveniles avoid plankton nets and are often too small to be captured by
commercial gear, since determining ages s tedious work, and since mortality
raie 15 a property of populations rather than of individuals), detecting signifi-
cant varigtion in mortality rates due (o predation—the central issue—is an-
other daunting task. The task is muoch greater than assessing the effects of larval
food, because growth rates of individual larvae can be determined and a
thorough understanding of variance obtained relatively easily, and it is there-
fore rouch easier to test for statistically significant differences i growth
between sites or periods than in mortality from predation.

Studies of the degree to which predation on larvae and juveniles affects
subsequent recruitment have seidora been conducted in the context of physical
and chemical processes in the ocean. This is partly because many of the
predators are highly mobile and difficelt to sample. Relations between the
abundances of piscivorous predators and phisicalichemical properties are
difficult to establish, An interesting success is the work of Frank and Leggeit
{1981, 1983) They concluded that the direction of the wind determines
whether capelin larvae haiched in Newfoundland hays are exposed to food or
{0 predators. In principle, “webs and scales” are just as inportant for mortality
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as for larval feeding, but in the context of mortality they are less readily
addressed,

Because of time lags, sampling in a very femporally paichy environment
st be not only precise but on the correct scale. Even accurate and precise
determination of concurrent abundsnces n the field of food, larvae, and
predators can lead to erronecus conclusions conceming the relative ympor-
tance of starvation and predation. Taggant and Frank (1990} modeled a
sitpation in which mortality due to starvation was more serious than that due
1o predation, but the abundance of food integrated over the previous three days
affecied starvation on any day, while predation was an instantaneous function
of the abundance of predators. In this model, the regression of larval mortality
raies against the concurrent hiorasses of food was not sigmeficant, while the
comparable regression against the concurrent abundances of predators was
significant. This would imply (wrongly) that predation was the more impor-
tant deterrninant of variability o weensiment. Because of the mobility and
schooling of many predators, the converse error pught be made if the investi-
gator failed to integrate the abundance of predators over a larger volume than
that cccupied by a sample of larvae. The model dhlstraies an umportant
principle, though it s unrealistic in suggesting that moralify rates can be
calculated from field samples with any precision over such small scales in
space and tims,

1 have not discussed at length the advective transport or drift of farvae,
though it is cleardy due to physical processes. The ecelogical mechanisms
{regulation of growth and death rates) by which transport or drift affects
pelagic species usually have not been clearly defined (though demersal shelf
species obviously face a problem if the bottom is 2 Jon beneath them when
they metamorphose). Nonetheless, advection also has some scales that are
more important than others. For example, the event scale of winter storms is
apparently significant for the tansport of Jarval menhaden on the U.S. cast
coast from offshore spawning arcas fowards estuarine mursery areas (Checkley
et al. 1988), and larvae of several other species mwist raake a similfar transit.
Conversely, offshore transport of coastal larvae in central and northem Cali-
fornia is probably on the mesoscale, spatially, since offshore surface flow is
concenirated in topograpiically determined locations and the intensity is
refated 1o event-seale winds (Chapter 4),
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More on Sogles

To return to a pont from Chapter 1, real variation in the size of a
population or the structure of an ecosystem in thme ot space (Le., variation
beyond genuine sampling or analytical imprecision) can provide information
about the conirols on the population or the functioning of the ecosysiem. This
is especially troe if the variance is known as a function of scale. Given the fact
that there are years of strong and weak recruitinent, ¥ might clartly the issues
io understand more fully the spatial scales on whach the differences between
years are most macked. That is, strong recruitinent in a good year could result
from equally toproved reproduction and/or sarvival dwoughout the population’s
range (plying a large-scale process as the cause), or from improvement only
in specific locations on the mesoscale {(mplying possibly different causal
processes on that scale).

The sketches in Figure 5.1 iHlustrate this difference, emphasizing it in
termos of concentration of food for the species and the resulting rate of growth,
hased on the assumption (by svalogy (0 an individual} that there are (8) a
maintenance conceniration below which the population starves {or fails to
produce recruits) and (b) a ligher concentration at which growth is Bmited by
somme factor other than food. Between these, the rate of growth {or recnut-
ment) increases nonlinearly with concentration, and the two will be positively
correlated. In both “good” vears, the geographical extent of successful recruit-
ment expands and there are regions in which recruitment is maximal. The
expansion of range would, in reality, depend not only on supply of food but
also on dispersion of adults.

Dristinguishing between the two kinds of patterns of good years would
reveal the spatial scale of abundant food, and perhaps the underlying physical/
chemical forcing, that is most significant o larval growth, As noted above,
genetic analysis might be helpful here. Any real ecosystem would, of course,
evolve through time from good to bad conditions, with various time lags and
other complexities obscuring the relation between the supply of food and
growth. In principle, however, the degree of reality of this sketch counld be
tested by determining the spatial disiibution of larval growth rate {e.g.,
Buckley and Lough 1987; Figures 5.2 and 5.3}, ifs variance within and
between sites {(which, as shown in Figure 5.4, is 3 limited form of the scale-
specific variance spectrumy), and how these differ between years of differing
recruitment. Paricularty usefid are techniques that reveal how growth rate has
varied over the larval hife span, since if the conditions for rapid growth are on
small scales and #ransient, the larvae growing most rapidly at the tme of
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capture may not have had this advantage since first feeding. The widths of
otolith daily rings can provide such information, bt ondy for those individuals
swrviving o be caught by the investigator. If it were possible o recover
readable otoliths from the guts of predators on larvae or from sediment traps,
an inderesting comparison would be possible,

As shown in examples from the California Current System, larval
growth is not equivalent to recroitment, which depends also on the spatial
distributions of parental reproduction and overall predation. However, if
slowly growing larvae are more subject to predation than their more robust
siblings (a8 modeled in Figure 4.20), evenly dispersed predators could en-
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hance numerically the geographical patiern of abundances similar to the
patiern shown by the rate of growth of individuals,

Variability, Understanding,
arnd Prediction

In Chapter 1, | expressed some of my opinions conceming different
approaches o marine ecology and fisheries oceanography. T now retum to
fundamental reasons for investigating the scales of variability in space and
time of ecological properties and processes affecting food webs and larval
fish,

Qualitatively, it 18 part of the “scientific ideal” o estimate the statistical
unceriainty in the mean value of 4 rate or property so that one can test a nail
hypothesis such as whether that mean value is the same as another mean
value. This principle is often ignored in practice, especially for a process
whose value is not measured directly but is calculated from two or more
measured, variable parameters: for example, the mean rate of wilization, U, of
a resource of mean concentration, R, by a4 consmer at mean concentration, O
where R and € vary over the spaceftime domain and are combined by some
mathematical transfer function—probably a nonlinear one at that,

Estimates of the vanances of R and C could be carried through the
calcutation of U {cf. Hirota 1974, Pl 1975). Most investigators do not bother
to do this, because the parameters are seldom distributed nonmally, the
relation between them is nondinear, and the resulting variance around U canbe
homifyingly large. This last reason is akin to the concatenation of uncertainties
{ mentioned in Chapter 1. Whether it is an issue of intellectual honesty or
COTMOn sense is debatable.

Even if this issue can be set aside, the investigator should be concermed
about the possibility of erronesusly estimating U itself. Suppose, for example,
that the rate of uiilization of R per unit C (= U/C) follows hyperbolic or
Michaelis-Menten kinetics {e.g.. U/C = [(IR) (K, + Ry, where U, is the
maximal rate and K, is the so-called hal{-saturation constant). TR << K, the
refation becomes essentially linear, and the total rate of uptake, U, is approxi-
mately equal;

P K HCRY .

Mow suppose that R and C covary such that they are positively corre-
lated w time and/or space. (This is reasonable for a consarner and its resource
on siuall scales on the order of the daily foraging volume of individuals, and
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on very large scales, since the biogeography of a consamer is constrained by
fhat of its rosource.) The mean of their products caloulated for each point
saropled will be greater than the product of their means:

U, = [, Ko HE R > U = U, B HO®R).

Because of the covariation and the product, GR, the locations where £
and R are great will conlribuie nnpmmmiv 0 L which more nearly repre-
sents tht. overall ntilization than U, does {cf. Piatt and Harmson 1985). The
severse is true if R and C are negatively correfated (which is fikely at other,
interrnediate scales, due o imbalances between the consumer population’s
rate of utifization and the regeneration rate of the resource). Therefore, even i
the investigator cares only about the mean value, 1J, there are probably
circumstances in which the pattern of covariation of € and R is mmportant.
This i¢ akin to the problems of aliasing and biasing T mentioned in Chapter 1.

The stinuthes for much of this review is the assamption, which also
justifies simple correlation analyses, that pariicufar caoses of varation—
causes related o the food web-—can be identificd because they have a
dominant sod quasi-linear influence, even i only at certain gcales, thus
permitting inferences conceming relationships. 1 believe this i be fTue n
many cases, of I would not have written this book, although [ also illustrated
carlier in this chapter how difficult it can be fo obtain onambiguous svidence.
However, “understanding,” in the sense of knowing causal mechanisros, may
e different from successful prediction, and society often i quite content with
such prediction, whatever its basis. This perspective suggesis that in cases
where a sufficient time series of data exists, it can be more efficient fo ignore
causation and use the past history of variation itself as a basis for prediction.

Various kinds of autocorrelation analyses have been used to search for
regularities such as periodicities, since a pertodic process is predictable, but
most sets of real data are so “noisy” that predictability is possible only jn a
probabilisdc sense, That s obe typieadly wondd weat the syl H-scale vartabil-
iy s radenn vawlation 3 somst srans tend onoa donger scale, anduse
it frestd s derive i predicion whoss precision would depend on the magni-
mde of the notse. A varizoce spectrum (see Chapters 1 and 3) 18 a more
claborate version of s approach, namely, the derivaton of 2 scale-specific
description of variation based on the summation of periodicities of different
frequencies and amplitades. One might or mught not then ry 1o identify, by
correlation, a probable cause for the wend, or different causes for different

scales.
A more recent view is that what appears as noise may be a function of a
chaotic process at work {chaos, in this restrictive sense, is not randomness, but
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arises from determiistic, nonlinear selations), For example, Sugihara et al,
{1990) have shown that a well-recorded parasite-host system {(the human
discase, measles} at some scales can be more prediciable in the near term
when analyzed as a low-dimensional, roultiplicative chaos than as (or, in some
cases, in addition 2} a nolsy periodicity. A time serics of diatom ahundances
at Scripps Pier, San Diego, has been treated similarly {Sugihars and May
P990). An Important advanitage of this approach may be that the problem of
nonstaticnarity (Le., a change, during the time series, in the cause underlying
the time series iiself) is less serious in an analysis of chaotic behavior than in
autocorrelation (Sugihara of al. 1990).

E ds not clear whether data sets of sufficient length and character
concerning recroitment will exist to employ this technique in fisheries ocean-
ography. A secondary goal of many traditional correlations is not met: o
predict a property that is difficult or expensive to measure from another which
s casy and inexpensive. Finally, the advantage of this techigue for prediction
remans to be demonstrated for data sets in which the variation is dominant] ¥
of large scale {“red” rather than “white™), as is the case in the ocean {John H.
Steele, Woods Hole QOceanographic Institute, personal compumnication). Nev-
ertheless, cven firm believers u the food web paradigm should consider such
alternative approaches to prediction.
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