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Abstract

Microbial size spectra, including bacteria through nanophytoplankton, were measured by use of flow cytometry
across the western north Atlantic Ocean and during two nutrient enrichment studies: bottle enrichments in the
Sargasso Sea and an in situ iron enrichment in the equatorial Pacific (IronEx Il). Spectral shapes, or the relative
conformity to a function described by a power law, ranged from smooth and log linear during the spring bloom in
the Sargasso Sea to being distinctly non—log linear in coastal waters. Overall, the individual spectra within large
regions characterized by similar ecological conditions showed remarkable consistency, inviting speculation that
powerful organizing mechanisms are at work in these communities. Moreover, the ensemble average of all of the
spectra along the transect displays clear power-law behavior. Slopes ranged-ir@min which biomass was
equally distributed between all size classes;-th4, in which proportionally more biomass was contained in smaller
size classes; there was no clear relationship between nutrient concentrations and spectral slopes over the entire data
set. Species succession in nutrient-enriched bottles caused spectra to evolve from relatively smooth power laws to
distributions showing preferred sizes (i.e., nonlinear on a log-log plot). The IronEx Il spectra, however, remained
similar over the course of the experiment. It could be that the elimination of bottle effects in this experiment
buffered the system in ways that maintained the size structure of the microbial community over the size range we
measured. Our results suggest conditions that lead to log-linear size distributions; these should be verified over a
broader range of scales and environments.

Size spectra, which display the relative abundance of oren ocean biogeochemistry (Armstrong 1999). In addition,
ganisms of different sizes, convey a synoptic image of ecoStramski and Kiefer (1991) have demonstrated the utility of
logical communities that is taxon independent. As such, thep spectral approach for interpreting ocean color measure-
have been attractive to ecological theorists and have beenents from satellites.
the subject of periodic interest in marine ecology for the past Considerable attention has been paid to the details of rep-
30 yr. Sheldon et al. (1972, 1977) recognized the predictiveéesenting size spectra and the theoretical underpinnings
powers of size spectra, suggesting that fish stocks could dbereof gee Platt 1985; Blanco et al. 1994; Vidondo et al.
predicted if the planktonic size spectrum were known. More-1997). Platt and Denman’s (1978) normalized biomass spec-
over, a spectral approach offers potential for enhancing ecdrum has been the model employed most often for repre-
system models (Gin et al. 1998), including those that focusenting the spectra of planktonic organisms. In idealized

form, it fits a linear model on a double logarithmic plot (i.e.,
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Power laws are ubiquitous in nature. They have been X .
shown to describe many objects, from coastlines, clouds, or et ot
mountain profiles (Mandelbrot 1983) to networks like rivers - ? ! ) "_
or, recently, the worldwide web (Albert et al. 2000). Distri- - v
butions of random variables that follow power laws are scale !
free, and as such they are extremely inhomogeneous. This
is best visualized through a network model constituted b#0° N -
nodes and links. If the network follows a power law, most
nodes have one or two links, and a few nodes will have a
large number of links and play a key role in the behavior of
the network (Barabasi and Albert 1999). Size distributions
are derived from a network of interactions (i.e., the food 1996
web), and, thus, the emergence of power laws in these dis- 9 —>A «——BATS
tributions could bear fundamental ecological implications, Site
Conversely, deviations from power laws also prompt impor30 N
tant questions, for they indicate the presence of characteristic 1998
sizes (Schroeder 1991), which are affected by how ecolog-
ical processes structure ecosystems across scales in time and X Transect
space (Holling 1992). {‘-"}\

Historically, several measurement techniques have been LAIL | ,
used to construct planktonic size spectra, each of which rep- o o
resents a compromise. Sheldon and coworkers (e.g., Sheldon 70" W 60" W
and Parsons 1967; Sheldon et al. 1972) used the Coulterrig. 1. Map of sampling stations in the western Atlantic Ocean
Counter, which cannot distinguish between intact cells anduring March 1998. The approximate location of the Gulf Stream
detritus. Subsequent studies have relied on microscopy te shown by a dashed line, and the BATS site is denoted by a
characterize microorganisms, to eliminate the bias resultingiamond. A triangle represents the site of an enrichment experiment
from the inclusion of detrital particles (e.g., Rodriguez andconducted during June 1996.

Mullin 1986; Ahrens and Peters 1991; Gaedke 1992; Ruiz
et al. 1996; Tittel et al. 1998). This greatly improves the

quality of the data, but the labor-intensive nature limits they, 4 o compare these patterns with those observed in ex-
number of data points, thus limiting resolution on the siz

. L . . ®erimentally perturbed ecosystems. We were interested in
axis. After some initial trials showing that flow cytometry

. : . X determining (1) over what spatial or ecological scales the
might be a useful tool for creating high-resolution phyto-gneciral properties would be highly conserved and whether

plankton size spectra (Yentsch and Phinney 1989; Chisholgj g ; : ; iy
. . . . . properties could be associated with specific ecosystem
1992), Li (1994) presented the first detailed analysis of Mixparacteristics: (2) under what conditions the spectra would

crobial spectra in the north Atlantic. This technology, WhiChobey power laws; (3) under what conditions—if any—the

is capable of characterizing phytoplankton and bacteria, ha§Fectra would display a slope 6f1.0, indicating an even

the advantage of being able to analyze tens to hundreds Qigyihution of biomass among size classes; and (4) whether
cells per second. It has the disadvantage of being able g

analyze only a relatively narrow range of cell sizes. In Li's;
(1994) pioneering study, forward-angle light scatter (FALS)
was used directly as a proxy for cell volume. Although the
two are related in phytoplankton (e.g., Olson et al. 1989)
the relationship is not constant over all size classes (e.g
Ackelson and Spinrad 1988; Gin 1996). More recent studie
have tried to correct for this (Gin 1996; Gin et al. 1999),
albeit still imperfectly, by calibrating the FALS signal with

)

e could distinguish the effect of partial and whole ecosys-
em perturbations. Specifically, we examined size spectra
along a detailed transect across the Sargasso Sea, the Gulf
Stream, and coastal waters of the western north Atlantic
Ocean. We then compared the spectral patterns revealed dur-
ing this observational study with those derived from two
&xperimental nutrient enrichment studies: manipulations in
bottles at a site in the oligotrophic Sargasso Sea and an in
éitu iron-fertilization experiment in the high-nutrient, low-

) X ; “chlorophyll region of the equatorial Pacific Ocean (IronEx
been filter fractionated. We build on the methodology of G|n”; Coarieyet aI91996). We V\?ere motivated by the befief that

et al. (1999) in this work by using a refined relationship o4 ,ring spectra under this diverse set of circumstances
between FALS and cell size derived directly from field pop-ignt help resolve the constant and variable features of

ulatl_qns of marine phytoplankton (Cavender—Ba(es 1999). I%oodweb structure in these ecosystems and provide data for
addition, we eliminated error due to preservation of Iargefuture theoretical treatments

cells (Lepesteur et al. 1993) by analyzing them fresh. Final-
ly, we represent spectra as probabilities of exceedence, elim-
inating the need for binning data and that procedure’s inMethods
herent problems (Vidondo et al. 1997).

The goal of this study was to use this improved method- Atlantic transect—Measurements of biological and chem-
ology to measure microbial size spectra at high frequenciesal features were made along a transect in the Atlantic dur-
along a transect encompassing diverse ecological conditiorisg March 1998 (Fig. 1). In all cases, samples were drawn
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from the ship’s laboratory seawater system, the inlet of
which was nominally at a depth of 3 m.

Lo4il

® Pro, Syn & Ultra
) o Nano TR
Enrichment experiments—An enrichment study was con- 10 Ve
ducted in bottles at an oligotrophic station in the Sargassg~
Sea during June 1996 (Fig. 1), where ambient nutrient con-g
centrations were well below 10 nM for both nitratenitrite 2 10!
(N+N) and soluble reactive phosphorus (SRP; Cavender—g
Bares 1999). Water was collected from 20 m by use of an=
acid-washed Go-Flo bottle suspended on a Kevlar line andg
was dispensed into triplicate bottles for both control and ™ 10°
treatments; 8M NO, and 5uM PO, were added to treated 2
bottles as NaNQand NaHPO,, respectively. Bottles were 3
placed within an incubator on the ship’s deck, in which tem-© -1
perature was maintained by flowing seawater, and ambient
light was attenuated with neutral density screening in order
to approximate the light level at 20 m.

We also monitored changes in size spectra during the sec- 102 5
ond in situ iron-fertilization experiment in the equatorial Pa- L ) B B AL BRI B

Lol

|

|

|

cific Ocean (IronEx II; Coale et al. 1996). Briefly, three sep- 10+ 103 102 10! 100 10!
arate infusions of iron [added as Fe(ll) in seawater at pH 2]
were made into a region of surface water measuring 72 km FALS (relative to 2.02 um beads)

during May and June of 1995. Initial nitrate concentrations o .
were high (-10 uM), as were initial concentrations of phos- Fig. 2. Calibration curve used to convert FALS to equivalent
phate £0.5 uM; Coale pers. comm.), whereas initial Fe(ll) spherical volume as measured by a Coulter Counter. Two groups of

. phytoplankton are shown: filled circles f&rochlorococcus, Syne-
concentrations were only 0.05 nM (Coale et al. 1996). chococcus, and the ultraphytoplankton and open circles for the nan-

. ophytoplankton. The solid line is calculated from Mie the

Measurement of chlorophyll and nutrients—Chlorophylla tepxt)y, aE]d dotted lines represent estimated confidence Iimi??;‘g(r pre-
(Chl @) was analyzed following the acid-correction methodgicting volume from FALS. Note that FALS values are reported
(June 1996 samples) or Welschmeyer (1994) method, whicklative to the FALS of standard calibration beads.
eliminates the need for a pheophytin correction. Analyses
were done at sea (June 1996) or on GF/F filters (Whatman)
that had been frozen in liquid nitrogen+W and SRP were cytometry data in order to convert from FALS to cell vol-
analyzed by use of Garside’s (1982) chemiluminescencame. The development of this calibration curve is described
method and Karl and Tien’s (1992) magnesium-induced coelsewhere (Cavender-Bares 1999). In brief, each data point
precipitation (MAGIC) method, respectivelgeé Cavender- resulted from sorting (via flow cytometry) a subset of cells
Bares 1999; Cavender-Bares et al. in press). A concurreim a preserved field sample away from the others and then
study described similar SRP concentrations for a portion o$izing those cells with use of a Coulter Counter (Model ZM,
the same transect (Wu et al. 2000). Detection limits foerNN  Beckman-Coultersee Cavender-Bares 1999). A fit to the
measured by chemiluminescence wer2 nM, and those for data based on the equations of Bohren and Huffman (1983)
SRP were~0.5 nM. for Mie theory, which is similar to the modeling done by

Ackelson and Spinrad (1988), is shown in Fig. 2, along with

Collection of size-structured data—A modified Epics V  dotted lines representing our estimate of 95% confidence in-
flow cytometer (Beckman-Coulter) was used both at sea aniérvals on predicting volume from FALS. The points at low
in the laboratory for all plankton analyses (Cavender-BareSALS correspond to populations Bf ochlorococcus. Instru-
et al. 1998, 1999). Four groups of plankton were distin-ment limitations did not permit the sorting and sizing of
guished by these analyses. Bacteria were enumerated bwcteria; however, the slope of the Mie fit to the data ex-
staining samples with a nucleic acid-specific stain (SYBR+rapolated in this region agrees with work relating FALS to
Green |, Molecular Probes), following the protocol of Marie volume of marine bacteria (Robertson et al. 1998). Note that,
et al. (1997). These samples had been preserved with useloécause the lack of a smooth relationship in the Mie fit
0.1% glutaraldehyde and were frozen in liquid nitrogen.above a FALS of~10 units -5 um diameter), we did not
Prochlorococcus and Synechococcus were analyzed either at include cells of this FALS or greater in our size spectra. Note
sea or on similarly preserved but unstained samples. It haaso that, because of their long, slender shape, the FALS-to-
been our experience that the flow cytometric characteristicgolume relationship for pennate diatoms is different than that
of the larger phytoplankton, which have been classified afor the rest of the ultra- and nanoplankton (Olson et al.
the ultra- and nanoplankton (Cavender-Bares et al. 1999),989). This was only an issue for the IronEx Il samples. Our
are not well preserved (Lepesteur et al. 1993; Gin 1996)calibration studies (Cavender-Bares 1999) indicated that the
Thus, this fraction of the community was analyzed in freshCoulter volume of these pennate diatoms was constrained to
samples at sea. a fairly narrow range, centered at a volume of li®® (range

We applied a calibration curve (Fig. 2) to the raw flow 7-16 umg?).
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Although flow cytometry is a useful tool for generating on the features—specifically values and spectral shapes—
highly resolved and statistically significant abundance versusf the Proby{ = v) curves (data not shown).
size data, it is typically constrained to analyses of the small
end of the phytoplankton size spectrum. Although most oResults and discussion
the oceanographic provinces we examined are indeed dom-
inated by very small cells, our study is still limited in that  North Atlantic transect
we were unable to examine cells larger thab um as a
part of our spectral analysis. Our hope is that broad-range Chemical and biological features along transect—Surface
flow cytometers will soon be developed to overcome thesgemperature declined gradually from a high oP@5at the
shortcomings. transect’s southernmost stations until deeply mixed waters
were reached just south of the Bermuda Atlantic Time-series
On representing size spectra—Over the past 30 yr, there (BATS), at which point water temperatures remained at
has been a considerable evolution in the methods of mea-19C northward until the warm (28) waters of the Gulf
suring and representing planktonic size spectra. Sheldon ar8tream were encountered (Fig. 3A). The northern edge of
Parsons (1967) presented their spectra as particle concenttfe Gulf Stream was well defined by an abrupt drop in tem-
tion (by volume) versus log(base 2) of particle diameter. Thiserature from 2C to ~10°C, followed by 5C temperatures
was replaced by Platt and Denman’s (1978) normalized biofurther northward. Chh levels at the southernmost stations
mass spectrum (e.g., Rodriguez and Mullin 1986; Ahrensyere low, ranging from 0.06 to 0.4g L—. They increased
and Peters 1991; Ruiz et al. 1996; Tittel et al. 1998), whichabout fourfold just south of BATS (range 0.3—-Qu§ mL™?),
has some limitations (Prothero 1986; Blanco et al. 1994)to0 reach a mean of 0.4g L-* (Fig. 3A), which is charac-
More recently, the use of normalized cell concentration speceristic of the spring bloom at BATS (Michaels et al. 1994).
tra has been recommended as a way to avoid these limitg&or the remainder of the north-west transect across the Gulf
tions (Blanco et al. 1994). Stream, Chla remained at these levels; valued ug Lt
Because of the advent of instruments capable of measuiere seen in coastal waters.
ing highly-resolved size spectra, Vidondo et al. (1997) pro- Both N+N and SRP were<10 nM in the southern portion
posed representing plankton spectra as probabilities of exf the transect (Fig. 3B). The low SRP values, which had
ceedence—an approach that has widely recognized utility fofiot been measured prior to this cruise (Wu et al. 2000; Cav-
other applications in oceanography (e.g., Bader 1970; Strangnder-Bares et al. in press), have been hypothesized to result
ski and Kiefer 1991) and in other disciplines€ references from differential rates of remineralization of dissolved or-
in Vidondo et al. 1997). When this approach is used, datganic N and P (Wu et al. 2000). Moving northward+N
need not be binned into size classes, avoiding the problemgcreased nearly 100-fold just before reaching the BATS site,
associated with binning (Blanco et al. 1994). Vidondo et alwhereas SRP increased ontyl0-fold. The disparity be-
(1997) propose fitting such spectra with either a linear fit onween the increases of these two nutrient pools caused their
a log-log plot (Pareto I) or a more complex relationship thatN : P ratio to change from<16:1 in the southern Sargasso
can be fitted to data sets with deviations from log linearityto a mean of 50:1 in the north (Fig. 3C). The ratio dropped
at small size (Pareto ). to 25:1 in the Gulf Stream and ta16:1 in coastal waters.
We represent our spectra as log PkoB{ v) versus logv  Ratios <16:1 in the southern Sargasso suggest that new
plots, in which Prob{ = v) is the probability that a particle production there was nitrogen limited (Dugdale and Goering
of random volume)V, is greater than or equal to a given 1967), whereas the elevated ratios in the northern Sargasso
volume,v. Practically, one measures the relative fraction, orsuggest that new production there was limited by phospho-
frequency, of cells within a sample that are equal to or largefus—if it was limited at all. It has been suggested that these
than a given volumey. A slope (8) of —1 on such a log- elevated ratios result from remineralization of nitrogen-fix-
log plot indicates that particle abundance is inversely proing cells, which are rich in N relative to P (Fanning 1992;
portional to particle size and that total biovolume is constanMichaels et al. 1994). For this to be possible, growth would
within arbitrarily equal size classes. A3 becomes more have to be favorable for nitrogen-fixing cells (i.e., N-limiting
negative, yielding steeper spectra (e~ —1.2), propor-  conditions, implying N: P ratios<16 : 1), which has recently
tionally more biovolume is distributed in small size classespeen shown in general for stratified periods in the Sargasso
the opposite is true g8 becomes more positive, or flatter. Sea (Cavender-Bares et al. in press).
In some cases, we present ensemble averages of size spec-
tra in order to describe variability within a group of spectra. Patterns of size spectral features along transect
In such cases, it was assumed that all of the different spectra,
or realizations, belonged to the same statistical population. Spectral shape: In examining allometric phenomena in
Depending on the number of spectra averaged together, vezology, one can either focus on the differences or similar-
used vertical error bars that either representange or=1 ities, depending on one’s point of view (Chisholm 1992).
SD. When we first looked at the family of spectra from the tran-
As was discussed in the previous section, the largest celkect (Fig. 4), we were struck by both. Taken as a whole, and
we measured were, in some cases, omitted from our spectgiaven the diversity of environments, the spectra along the
because of our uncertainty of their size, based on the natuentire transect are remarkably similar, for this size range at
of the calibration curve in that region (Fig. 2). However, it least, suggesting some self-organizing principle at work (Bak
was confirmed that this truncation did not have an impacti996). Looking more closely, the features of the individual
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Fig. 3. Physical, chemical, and biological features along a transect (Fig. 1) from south of Ber-
muda in the Sargasso Sea across the Gulf Stream and into coastal waters. (A) Temperature and Chl
a, (B) N+N and SRP, and (C) NN :SRP along the transect, with a dotted line included at a ratio
of 16: 1 representing the Redfield ratio (adapted from Cavender-Bares et al. in press). Shaded regions
represent the approximate location of BATS and the Gulf Stream.

spectra are nearly identical within regions that have similatransect (Fig. 5A) is characterized by a distinct flattening in
ecosystem descriptors (e.g., Gigl temperature, and nutri- the spectrum centered at0.4 um? (diameter of 0.9um)—
ents), but they do change distinctly in shape moving fronreflecting an overrepresentation of cells in size classes from
one regime to another. In particular, we saw distinct transi0.1 to 0.4um® and underrepresentation of cells in size clas-
tions between the southern and northern Sargasso Sea, das from 0.4 to 2um3. A similarly wavy Proby{ = v) curve,
which nutrients changed significantly, and between the Gulivhich is related to gaps in the size frequency distribution
Stream and coastal waters. The ensemble averampes ( (Fig. 5H), was seen in the coastal region (Fig. 5D), with size
Methods) of the individual spectra for each region (Fig. 5A—classes in the range of 0.03-0.1 and 1##° overrepre-
D), collapse into a single spectrum with small vertical errorsented and those in the range of 0.1+ underrepresented,;
bars, which indicates very little variation within these re-the flattening of the probability of exceedence curve that
gions and points toward meaningful scales of variability forresulted was centered at Qu2n® (diameter of 0.7um). The
the food webs within the different regions. spectra from the northern portion of the Sargasso Sea (Fig.
Several points of interest result from a qualitative inspecbB) and the Gulf Stream (Fig. 5C) were much more log
tion of the Prob{ = v) spectra along the transect (Fig. 4). linear, thereby closely conforming to a power law, indicating
Prior to reaching the higher nutrient waters of the springan algebraic decrease in cell number with increasing cell
bloom just south of BATS (Fig. 3), spectra were remarkablysize.
similar, with a predominant nonlinearity (on the log-log By comparing the ensemble spectra (Fig. 5A-D) with the
scale), or waviness, located approximately at the center ohw data used in their construction (Fig. 5E—H), their shapes
the individual spectra (i.e., a flattening centered at a volumean be understood in terms of the relative abundance of the
of 0.4 uwm?; Fig. 4A). This flattening disappeared at the several groups that are resolvable within the microbial com-
southern extent of the spring bloom (denoted by an asteriskunity. The nearly flat region of the spectra in the southern
in Fig. 4B), resulting in a more or less log-linear shape,Sargasso Sea (Fig. 5A) is due to a gap betwSgwecho-
which persisted north across the Gulf Stream. When the corgoccus and ultra- and nanoplankton populations (arrow in
tinental shelf was reached, deviations from linearity set irFig. 5E), which is not evident in the northern Sargasso (Fig.
again but at a different position in the spectrum (Fig. 4C). 5F) and Gulf Stream (Fig. 5G). The populations filling this
As is obvious from the individual spectra, the ensemblegap in the latter two regimes, however, are different. In the
average of the 17 spectra from the southern region of thaorthern Sargasso, it is filled by a subpopulation in the ultra-
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Fig. 4. Individual Prob{ = v) size spectra for the transect. Spacing between spectra is constant in the figure but was not constar
along transectsge Figs. 1, 3 for approximate spacing). Each panel represents a portion of the transect, with beginning and ending latitude
shown. Approximate locations of the BATS site and the Gulf Stream are indicated. An asterisk is added to B at the point separating southe
and northern Sargasso Sea wateeg fext).

nanoplankton group (arrow in Fig. 5F), whereas in the Gulfsteady-state conditions for log-linear spectra, and deviations
Stream, the gap is filled by a broadening of the size distrifrom linearity are sometimes explained as deviations from
butions of both theSynechococcus and ultra-nanoplankton steady-state conditions (Sprules and Munawar 1986; Tittel
groups (Fig. 5G). Thus, distinctly different communities et al. 1998). It is likely, however, that such deviations are
yield very similar spectra. Gin (1996) found similar behav-also related to a fundamental ecosystem function (Warwick
ior, with bacteria filling the size occupied WBrochlorococ-  and Joint 1987). Consistent with this interpretation are re-
cus when the latter were absent in coastal waters off Masports of relatively uniform spectra seen in the stable central
sachusetts. In the coastal spectRrochlorococcus are  gyres of the oceans (Sheldon et al. 1972; Rodriguez and
absent, causing a flattening in this part of the curve (FigMullin 1986), compared with nonlinear shapes found in dy-
5D,H). Although there appears to be partial compensatiomamic high-latitude and coastal marine waters (Sheldon et
for this by a broadening of the bacterial distribution, whichal. 1972; Witek and Krajewska-Soltys 1989). It is notewor-
was also observed by Gin (1996), it is not enough to smootkhy in this context that network models of ecological inter-
this part of the spectrum. actions of the type involved in marine communities are
Theoretical models of size spectra (e.g., Kerr 1974; Shelknown to reach power-law distributions of size classes only
don et al. 1977; Platt and Denman 1978) have assumeasymptotically as time approaches infinity (Bonabeau et al.
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Fig. 5. Aspects of size spectra along March 1998 transect. (A—D) Ensemble averages of the probability of exceedence spectra, for (A)
the southern Sargasso Sea, (B) the northern Sargasso Sea, (C) the Gulf Stream, and (D) coastal waters. Axes on the spectrd plots, Prob(
= v) and volume, are scaled the same for all panels, and slgf)esf the regression lines (solid) are shown. Confidence intervals on the
estimation of cell size are shown by horizontal lines for each point; variation among spectra are shown by vertical ertar B&rs (n
all cases, a 1-to-1 dotted lin@ (= —1) is included that begins at the volume of the smallest cell measured. (E-H) Representative plots of
cell concentration against volume for the regions in (A-D). Four groups are shown (and denoted in panel G) from small to large: (i)
heterotrophic bacteria, (ifProchlorococcus, (iii) Synechococcus, and (iv) the ultra- and nanoplankton. Arrows added to D and F to denote
the absence of cells in these size classes for D and how this gap was filled by a subpopulation of the ultra- and nanoplankton that appeared
in spring bloom waters for Fsée text). (I) The slope 8) of the Prob{ = v) spectra along the transect, with the smoothed fit farNN
from Fig. 3B added (note: shaded regions represent the approximate location of BATS and the Gulf Stream).

1999). Since we are not looking at the complete phytoplankTittel et al. 1998). This tests for differences fivalues be-
tonic spectrum along the transect, and the larger sizes ateeen regions, based on their rank order, at Bhe: 0.05
likely to be more dynamic (Chisholm 1992), interpretationslevel. Although there were significant changesfgracross
of the meaning of the nonlinear spectra in our data set wouldegions of the transect (Fig. 5l), the rank order of tBe
be highly speculative. values shows that, overall, there was no relationship between
B and nutrient concentrations. The region with the steepest
Spectral slope: The correlation coefficien®?)(for the  slopes was the Gulf Stream. Next came the southern Sar-
spectra varied only a small amount along the entire transegasso, followed by the northern Sargasso. Slopes in coastal
(range 0.96-0.99; data not shown). However, slop®so{  waters could not be distinguishe® & 0.05) from those in
individual spectra from the transect varied betwedn4 and either the Gulf Stream or the southern Sargasso, but they
—1.0 (Fig. 5l). The difference between slopes for groups ofwvere significantly steeper than in the northern Sargasso.
spectra was analyzed statistically by use of a nonparametric Formalizing the above observations, we found positive
rank-sum test (two-tailed Mann—Whitn&y test), following  correlations betwee and both NrN and SRP in the Sar-
the approach used by others (Rodriguez and Mullin 1986gasso Sea (Fig. 6A,& < 0.01). Also, as mentioned above,
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Sargasso Sea, the northern Sargasso Sea, the Gulf Stream, and coastal waters.

there was an isolated correlation betwgand nutrients at The overall ensemble spectrum: In order to look at the
the northern edge of the Gulf Stream (Figs. 3B, 5l1), wherdeatures of the entire data set, we ensemble-averaged the
slopes became steadily less negative as nutrients increasggectra shown in Fig. 4 into one single spectrum, treating
sharply. It is generally believed that large cells, especialljthe data as if all realizations (i.e., the individual spectra)
diatoms, predominate in nutrient-rich conditions (e.g., Chiscould be interpreted as belonging to an identical statistical
holm 1992; Kigrboe 1993), which would give rise to lesspopulation (Fig. 7A). The ensemble spectrum adheres quite
negativeB values with increasing nutrients—just what waswell to a smooth power-law distribution with a slope of
seen for the Sargasso Sea (Fig. 6A,C). As was indicatee1.2. We wondered whether this spectrum might more
earlier, however, similar relationships betwegrand these closely approach a slope ef1.0, in which total biomass is
two nutrient pools were not found across the entire data setqually distributed among all size classes, if we had been
(Fig. 6B,D). This may be due to the fact that a significantable to include microzooplankton in our measurements.
fraction of the larger cells that bloom in high nutrient con- Thus, we consulted published data to help us make some
ditions would have been out of our range of measurementgpproximations. Caron et al. (1999) recently published rep-
their inclusion might have flattened slopes. Another possibleesentative size distributions for heterotrophic nanoplankton
explanation for the lack of a universal relationship betweerfor a station close to the BATS site during both March—April
B and nutrients might have been that heterotrophic bacteriand August. We added their August distribution to a sample
probably respond to high nutrient conditions differently thanfrom the well-stratified waters of the southern Sargasso (Fig.
do phytoplankton. In order to ensure that their inclusion in7B) and added their March—April distribution to a sample
the spectra did not mask a relationship betwgeand nu- from the high-nutrient waters near BATS (Fig. 7C). Quite
trients for just the phytoplankton, we verified that the rela-remarkably, we found that the inclusion of microzooplankton
tionships in Fig. 6 were no more significant when bacterigdo our spectra, which should approximate the full suite of
were removed from the analyses (data not shown). plankton found in the size range studied, flattened the slope
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Fig. 7. Ensemble average spectra. (A) Individual spectra from all regions of the transect were
averaged together (to weigh the four regions equally, similar numbers of spectra from each region
were used). Estimated zooplankton biomass were added into spectra from the southern Sargasso
(B) and northern Sargasso (CGe¢ text for details).See Fig. 5 legend for further details of plots.

to near the valug = —1.0 (Fig. 7B,C). Although this could nutrients in coastal waters of the Mediterranean (Rodriguez
be coincidental, it is consistent with the notion that, on av-et al. 1987).

erage, there is a tendency toward a uniform distribution of

biomass among size classes in pelagic ecosystems (Sheld&rgasso Sea enrichment experiment—The first experiment

et al. 1972, 1977; Rodriguez and Mullin 1986). was conducted with nutrient-enriched communities enclosed
in bottles at an oligotrophic station in the Sargasso Sea dur-
Transient nutrient enrichment experiments ing June 1996 (Fig. 1)Prochlorococcus had extremely low

abundances at the surface at this station, as is typical for the

Our observations of spectra along the transect showe@gion in summer. Thus, the smallest size class pf autotrophs
smooth power-law behavior in some cases, whereas, in oti§¢as filled bySynechococcus throughout the experiment. To-
ers, certain size classes were under- or overrepresented réll Chl a increased>30-fold in bottles after N and P were
ative to the regression line. We hypothesize that these di@dded (Fig. 8A). Data from size-fractionated chlorophyll
continuities represent transients in the assembly of the foo@nalyses indicated that75% of the total Chl was in the
web, which, given ample—perhaps infinite—time, would ul- <10 wm fraction—the fraction that approximates the size of
timately disappear. Because it would be impossible to do théells observed by our flow cytometric method (data not
experiment necessary to test this hypothesis (i.e., to let the§§own). Thus, the majority of the total Chlincrease was
communities evolve undisturbed and see whether they settféi€ to the dramatic increasesSynechococcus and the ultra-
into smooth power-law configurations), we did the inverseand nanoplankton (Fig. 8B). In addition, bacteria doubled in
experiment and asked the question, what happens to tfPundance over the course of the incubation (Fig. 8B).
shapes of the spectra when a community is perturbed by an The spectra describing the initial community for this ex-
influx of nutrients? As mentioned above, the experimentaperiment followed the general power-law pattern, with a
design is somewhat flawed in that we are not measuring th&lope of —1.1 (Fig. 8C). Over the 5 d of the experiment in
large end of the phytoplankton spectrum, which is likely tocontrol bottles, the slope steepened-td.2 as a result of
be the most responsive in terms of biomass increase to nglight relative increases in the concentration of the two
trient enrichment. But in the context of this study, it is still Smallest groups: bacteria ar@nechococcus. In clear con-
of interest to see what happens to the small end of the spetfast, the slope of the spectra from the nutrient-enriched bot-
trum in response to this sudden enrichment, as it is contles became flatter with time, reflecting bloomsSyhecho-
nected to the entire spectrum through food web dynamicsoccus, which also happened to grow larger in size, and the
In addition, the pennate diatom population characterized byltra- and nanoplankton (Fig. 8D). Slopes from the two treat-
flow cytometry represented a large portion of the diatomments differed by 0.2 units on day 5, indicating that rela-
community over roughly the first week of the iron-enrich- tively more of the total biovolume was contained within cells
ment study (Cavender-Bares et al. 1999). We expected thaf large size in the bottles amended with N and P than that
species succession during such experiments would be maim- control bottles.
ifested as multiple departures from a power law in the size The Synechococcus cells that bloomed in the enriched bot-
spectrum, as has been observed during natural injections tdés also became larger, which is evident by the plateau in
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(C,D) Size spectra from three sampling times (days 0, 3, and 5) fc
control bottles (C) and bottles with added Nénd PQ (+N and

P; D). Note that the spectrum for day O is repeated in both panels. ] ) )
Each spectrum represents the average for triplicate bottles, with ver- Fig. 9.  Size spectra from the IronEx Il study in the equatorial
tical error bars indicating the range between replicates. Spectra fdtacific Ocean during May and June 1995. (A) Changes in the total
a given day have been offset vertically so that they are easily connd the<10 um fraction of Chla with time outside and inside the
pared. The offset is equivalent to three orders of magnitude betwedFPn-enriched patch (adapted from Cavender-Bares et al. 1999) (B)

each successive dagee Fig. 5 legend for further details of plots. Percentage of the total Chlfound in the<10 um fraction. (C,.D)
Two spectra are shown for each day representing stations outside

(C) and inside (D) iron-enriched waters. For details of spectral plots,
the spectra centered &0.1 um?® (i.e., Synechococcus moved  see Figs. 5 and 8 legends.
out of those size classes, resulting in a size gap that appar-
ently was not filled by other groups). The huge numbers of
Synechococcus translated into a rapidly declining probability inated. That is, the entire food web remained intact during
of exceedence curve between the plateau and slightly beyortde experiment. Our previous reports on the community re-
1 wme. The bloom of the ultra- and nanoplankton resultedsponse during IronEx Il showed that all phytoplankton
in a similar feature between 1 and L0n%. groups were stimulated by the addition of iron, but only the
pennate diatoms and other large-sized diatoms increased in
IronEx Il study in the equatorial Pacific—Our second nu- numbers dramatically relative to control waters outside the
trient perturbation study comes from an in situ iron enrich-enriched patch (Cavender-Bares et al. 1999). This response
ment experiment conducted in the equatorial Pacific (IronExan be summarized by thel0-fold increase in Cha over
II; Coale et al. 1996), in which “bottle effects” were elim- the first 6 d of theexperiment (Fig. 9A; Cavender-Bares et

Volume (umB)
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al. 1999) and a drop in the contribution of tkel0 um size  affecting the ecosystem. This complies with the basic mech-

fraction to total chlorophyll (Fig. 9A,B). anisms of self-organization of several open, dissipative sys-
Despite these dramatic changes in thial phytoplankton tems with many degrees of freedom (Bak 1996).
community in response to iron enrichment, valuegpfor Clearly, this study poses more questions than it answers

spectra that included only the small end of the phytoplanktomegarding the underlying mechanisms dictating pelagic size
community and the bacteria, differed little for samples takerspectra. We do think, however, that the clear power-law be-
from outside or inside fertilized waters over the course othavior of the spectra in certain regions begs for an expla-
the experiment (Fig. 9C,D). The spectral shapes both befoneation. We tentatively hypothesize that the wavy distribu-
and after iron enrichment were distinctly not log linear, andtions seen in some cases represent transients, whereas those
although there were some differences between the enrichelisplaying algebraic decay represent systems under optimum
and unenriched communities, their general features were reonditions. Power-law behavior can be an important dynam-
markably similar. The documented bloom of pennate diaic indicator, and it behooves us to seek similarities between
toms (Coale et al. 1996; Cavender-Bares et al. 1999), whicthe planktonic systems and other systems that display such
can be seen in the shape of the spectra on day 8, is a notabdeale-invariant behavior.

exception (Fig. 9D).

Overall, differences between the control and nutrient-en
riched spectra for the subset of the community we measure
were less dramatic in the IronEx Il experiment than those ilckeLson, S. G.,anD R. W. SPINrAD. 1988. Size and refractive
the Sargasso Sea bottle experiments. Although pure specu- index of individual marine particulates: A flow cytometric ap-
lation, this may result from the fact that a fully represented  proach.Appl. Optics 27: 1270-1277.
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where grazers—both micro and macro—should have been 1967-1978.
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spectra tend more toward a power-law shape than when thAéRMSTRONG R. A. 1999. Stable model structures for representing
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