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1.  INTRODUCTION

Despite its many unique features and climate sys-
tem importance, the Indian Ocean has long been an
understudied ocean. This led to a major international
effort in the 1960s, the International Indian Ocean
Expedition (IIOE), to establish basic knowledge of
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ABSTRACT: Low-latitude waters of the Indian
Ocean are warming faster than other major oceans.
Most models predict a zooplankton decline due to
lower productivity, enhanced metabolism and phyto-
plankton size shifts that reduce trophic transfer effi-
ciency. In May−June 2019, we investigated mesozoo-
plankton biomass and grazing along the historic
110° E transect line from the International Indian
Ocean Expedition (IIOE) of the 1960s. Twenty sam-
pling stations from 39.5 to 11.5° S spanned latitudinal
variability from temperate to tropical waters and a
pronounced 14°C gradient in mean euphotic zone
temperature. Although mesozooplankton size struc-
ture was similar along the transect, with smaller (<2
mm) size classes dominant, total biomass increased
3-fold (400 to 1500 mg dry weight m−2) from high to
low latitude. More dramatically, gut-fluorescence
estimates of grazing (total ingestion or % euphotic
zone chl a consumed d−1) were 14- and 20-fold
higher, respectively, in the low-latitude warmer
waters. Biomass-normalized grazing rates varied
more than 6-fold over the transect, showing a strong
temperature relationship (r2 = 0.85) that exceeded
the temperature effects on gut turnover and meta-
bolic rates. Herbivory contributed more to satisfying
zooplankton energetic requirements in low-chl a
tropical waters than chl a-rich waters at higher lati-
tude. Our unexpected results are inconsistent with
trophic amplification of warming effects on phyto-
plankton to zooplankton, but might be explained by
enhanced coupling efficiency via mixotrophy. Addi-
tional implications for selective herbivory and top-
down grazing control underscore the need for rigor-
ous field studies to understand relationships and
validate assumptions about climate change effects on
the food webs of tropical oceans.
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Sea surface temperature gradient (2° × 2° smoothed) and
110°E transect stations (dots) off of western Australia in May
2019.
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the region and, more recently, to the initiation of a
second international effort (IIOE-2) for advanced
studies of the region’s dynamics relevant to climate,
biogeochemical cycles, ecosystems and fisheries.
The current study was conducted as part of IIOE-2 on
a cruise that retraced the historic 110° E transect
sampled bi-monthly by Australian oceanographers
from 1962−1963. That study was the first integrated
investigation of circulation, nutrients, primary pro-
ductivity and zooplankton in the eastern Indian
Ocean and led in its time to many new insights about
distributional relationships and seasonality in the
region (Humphrey & Kerr 1969, Jitts 1969, Newell
1969, Rochford 1969, 1977, Tranter 1977a,b, Tranter
& Kerr 1969, 1977).

Our study reports paired day and nighttime meas-
urements of mesozooplankton biomass and grazing
at 20 stations from 39.5 to 11.5° S that comprise most
of the latitudinal variability off western Australia
from temperate/subantarctic to tropical waters. The
original IIOE investigations showed a south-to-north
biomass increase along this transect (Tranter & Kerr
1969, 1977). We expected a similar trend, consistent
with the general low-latitude (tropical) enrichment of
biomass in the global zooplankton database (Mori-
arty & O’Brien 2013, Moriarty et al. 2013). Nonethe-
less, we considered the possibility that IIOE meas-
urements might have misrepresented temporal or
spatial patterns in having only been made as wet
weight, analogous to documented issues with dis-
placement volume measurements. In the California
Current, for example, Roemmich & McGowan (1995)
reported an 80% decline in zooplankton (volume)
biomass associated with the switch from cold to
warm phase of the Pacific Decadal Oscillation. A
more careful analysis, however, revealed that this
decrease was mainly due to differences in the abun-
dance of salps, which disproportionally impacted the
volume measurements, with little effect on major
taxa or carbon (C) biomass (Lavaniegos & Ohman
2003). To avoid such issues with gelatinous taxa and
to assess latitudinal variability in zooplankton size
structure, we size-fractionated our zooplankton sam-
ples and determined dry weight (DW), C and nitro-
gen (N) values for each fraction.

Grazing rates were not measured on the original
IIOE voyages nor, to the best of our knowledge, in
any study assessing latitudinal variability in the east-
ern Indian Ocean over the past 5 decades. Nonethe-
less, based on the general view that most phyto-
plankton in warm, low-nutrient systems would be too
small to be grazed directly by mesozooplankton, we
expected that variability in measured rates would

largely follow differences in trophic richness, for
which increasing chlorophyll a (chl a) would be an
indicator of more total phytoplankton and greater
relative biomass of larger forms (e.g. Taylor & Landry
2018). What we found instead were relatively consis-
tent conditions of low nutrients and low chl a
throughout the subtropical and tropical water masses
but a very pronounced gradient in temperature,
which emerged as the master variable of the study.
Biomass-specific grazing estimates were shown to be
strongly related to temperature, increasing dramati-
cally along the transect and exceeding the effect of
higher temperature on zooplankton C demand for
respiration and growth. This unexpected finding
suggests a more efficient trophic linkage between
phytoplankton and zooplankton in warm tropical
waters than generally assumed and does not fit the
view of the negative impacts of ocean warming on
phytoplankton being amplified for zooplankton
(Chust et al. 2014, Stock et al. 2014, Kwiatkowski et
al. 2019).

2.  MATERIALS AND METHODS

2.1.  Zooplankton sample collection

Zooplankton samples were collected at 20 stations
on the 110° E transect from 17 May to 5 June 2019 on
R/V ‘Investigator’ cruise IN2019v03 (Fig. 1). The sta-
tions, spaced 1.5° apart from 39.5 to 11.5° S, were
sampled on successive days according to a fixed time
schedule. At each station, we took 2 samples with a
1 m diameter ring net towed obliquely through the
euphotic zone at a ship speed of 1.5 knots. The first
net tow was conducted at mid-day (13:32 h ± 16 min,
SD); the second tow was taken during the dark (19:32
± 8 min), 1−2 h after local sunset. We refer to these
below as ‘day’ and ‘night’ tows, the difference be -
tween them representing the nocturnal entry of
diel vertical migrants into the euphotic zone. The
plankton net was made with 0.2 mm mesh Nitex
and equipped with a General Oceanics flowmeter
attached across the mouth and a Senus Ultra time-
depth-temperature recorder (ReefNet) fastened to
the frame. Mean (±SD) tow depth and volume sam-
pled, assuming 100% net efficiency, were 104 ± 19 m
and 342 ± 67 m3, respectively. Nominal depths of the
euphotic zone, estimated as the depth of 1% surface
irradiance from photosynthetically active radiation
(PAR) extinction coefficients on CTD casts preceding
the daytime net tow at each station, ranged from 66
to 108 m and averaged 86 ± 12 m for the transect.
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Upon retrieval, the contents of the net codend were
anesthetized with CO2 (ice-cold soda water; Kleppel
& Pieper 1984) and the entire cod end was placed in
a bucket with a freshly made ice slurry (−1.8°C) from
an on-board seawater ice maker to slow metabolism
and gut evacuation of the zooplankton. Codend con-
tents were subsampled with a Folsom plankton split-
ter. Generally, half of the tow was preserved in
borate-buffered 10% formalin. The remaining half
was split again to obtain ¼ subsamples for biomass
and gut pigment analyses. Because gut pigment
samples are more time-sensitive, they were pro-
cessed first.

Gut pigment subsamples were sorted by wet siev-
ing through nested Nitex screens of 5, 2, 1, 0.5 and
0.2 mm Nitex mesh to produce 5 size classes of
0.2−0.5, 0.5−1, 1−2, 2−5 and >5 mm. The nested
screen stack was partially submerged in a shallow
basin filled with ice-cold seawater, and the sample
was poured into the upper (5 mm) screen and worked
through successive screen layers using a squirt bottle
filled with 0.2 μm filtered water. The organisms re -
tained on each mesh were concentrated onto a sepa-
rate 47 mm glass-fiber filter, placed in a small cov-

ered petri dish, and frozen at −20°C for one to
several hours before shipboard processing.

The net tow subsamples for biomass analy-
ses were similarly size-fractioned through
the nested filters and concentrated onto pre-
weighed filters (47 mm diameter) made from
0.2 mm Nitex. These samples were rinsed
with isotonic ammonium formate solution to
remove interstitial sea salt, placed in individ-
ual petri dishes and oven-dried on shipboard
at 50°C for several days to a week. Covered
petri dishes containing the dried samples
were packed in an airtight container with sil-
ica gel packets and taken back to the labora-
tory for analysis.

2.2.  Measurements of DW, C and N
 biomass

In the laboratory, dried net tow samples
from the cruise were oven-dried additionally
at 60°C for 24 h before weighing. For each
size-fractioned sample, zooplankton DW (mg
m−2) was calculated from the difference
between initial and final weights of the filter,
the measured volume and depth of the tow,
and the fraction of sample analyzed. The
dried sample was subsequently scraped off

the filter, ground to a powder with a mortar and pes-
tle and subsampled by weight for C and N analyses.

The CN subsamples were weighed in small tin
boats, packed into pellets, and analyzed with a
Perkin Elmer CHN analyzer. Acetanilide was used as
the standard for instrument stability on every run. C
and N biomass estimates (mg m−2) for euphotic zone
zooplankton were computed for each size fraction
from C:DW and N:DW ratios and measured DWs.

2.3.  Gut pigment and grazing estimates

Gut pigment samples were analyzed on shipboard
within 24 h of collection. For all <5 mm size fractions,
the frozen filters were sectioned into quarters with a
razor blade, and duplicate representative quarters
were prepared for analysis. The remaining ½ samples
were kept frozen in the petri dishes as backup for pos-
sible processing issues but were eventually discarded
at the end of the cruise. For most of the >5 mm frac-
tions, the organisms were too few and non-randomly
dispersed for quantitative sectioning. These samples
were analyzed whole, typically by cutting out and
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combining the portions of the filter with organisms on
them. All samples were placed in 15 ml polypropylene
test tubes (BD Falcon) with 7 ml of 90% acetone and
homogenized (multiple 20 s bursts) in an ice bath with
a Vibracell sonicator probe. They were then extracted
overnight (18−24 h) in a −20°C freezer and warmed to
room temperature in a dark container prior to
analysis. The homogenate was shaken and cen-
trifuged (5 min at 3000 rpm, 1000 × g) to remove par-
ticulates. Concentrations of chl a and phaeopigments
(Phaeo) were then measured by the acidification
method using a 10AU fluorometer (Strickland & Par-
sons 1972). Water-column estimates of depth-inte-
grated chl a for the euphotic zone were made
similarly from analyses of 0.5 l samples collected from
the evening CTD hydrocast, extracted for 24 h in 90%
acetone and measured on the same fluorometer.

For each size-fraction analyzed, we computed the
depth-integrated concentration of gut pigment (chl a,
Phaeo) in the euphotic zone as:

(1)

where GPC is gut pigment content (mg m−2), pig is
the measured pigment value (mg), f is fraction of
sample analyzed, D is depth of tow (m) and vol is the
volume of water filtered (m3). To be conservative, we
based our zooplankton grazing estimates on meas-
ured gut Phaeo values only, without correction for
inefficiencies in converting chl a into Phaeo. Conover
et al. (1986) showed, for example, that the common
practice of multiplying Phaeo estimates by a factor
of 1.51 (the chl a: Phaeo weight ratio) was redun-
dant with standard fluorometric equations that al -
ready compute Phaeo values in terms of chlorophyll
weight equivalents. Durbin & Campbell (2007) fur-
ther argued that Phaeo degradation to non-fluores-
cent products during digestion is accounted for in
experimental determinations of gut evacuation rate.

We estimated grazing rates (G, mg pigment m−2

time−1) for each size fraction and for the total zooplank-
ton assemblage as G = GPC × K, where K (min−1) is the
gut evacuation rate constant. For K, we used the mean
temperature-dependent relationship, K = 0.0026(T °C)
+ 0.012, from the literature review of Irigoien (1998).
Landry et al. (1994) previously noted that the expo-
nential temperature function K = 0.0121e0.0864T from
Dam & Peterson (1988) gave  values close to field-mea-
sured rate constants at 17.5− 19°C, and so that relation-
ship was also considered. Fig. 2 illustrates the differ-
ence between these 2 functions for the range of mean
euphotic zone tempe ratures in our study. While
neither function is well constrained by data at the
higher environmental temperatures that we encoun-

tered, the linear extrapolation of Irigoien (1998) was
deemed more appropriate be cause it represented a
more conservative (2-fold vs. 3-fold) rate constant
range for our grazing calculations and because it
was based on more data, including those of Dam &
Peterson (1988) and Landry et al. (1994).

To compute biomass-specific rates of phytoplankton
grazing by the zooplankton assemblage and individ-
ual size classes, we calculated G × B −1, where B is bio-
mass expressed as mg DW m−2 or mg C m−2. Daily re-
moval rates of phytoplankton by zooplankton grazing
were computed as G × chlz−1, where chlz is the depth-
integrated concentration of chl a in the euphotic zone
(mg chl a m−2). Lastly, day−night differences in graz-
ing rates were computed from the paired day/night
net tows at each station. All statistical tests (Pearson
correlation, t-test) were done in Excel Data Analysis
with significance defined by α = 0.05, 2-tailed.

3.  RESULTS

3.1.  Study site characteristics during
May−June 2019

The main feature of temperature variability along
the 110° E transect was a relatively uniform, monoto-
nic increase from 12°C in the south to 28°C in the
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north (Fig. 3, Table 1). This temperature gradient
applied not only to the mixed layer but also extended
more broadly to the depth of the euphotic zone (1%
incident PAR penetration), as indicted by the mean
temperature over the upper 100 m (Table 1). Despite
the lack of prominent temperature discontinuities in
the upper waters, temperature−salinity (T−S) charac-

teristics defined 2 major water masses as well as
frontal and mixing zones along the transect. The
high-salinity surface water (>35.7 psu) between
~27.5° and 35°S (Stns 4−9) is South Indian Central
Water (SICW), a distinctive feature of the southern
Indian Ocean subtropical region that sinks below
lower density water to the north (Rochford 1969, Woo
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Fig. 3. Upper ocean (0−300 m) sections of environmental variability along the 110°E transect. (A) Temperature; (B) salinity; 
(C) chlorophyll a fluorescence. All data are continuous profiles from CTD hydrocasts
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& Pattiaratchi 2008). We refer to this generically as
subtropical surface water (Wyrtki 1973). The high-
temperature, low-salinity water mass north of 14° S
(Stns 18−20) is water that enters the Indian Ocean
from the Pacific via the Indonesian Throughflow
(ITF) and is variously referred to as Australasian
Mediterranean Water (Tomczak & Godfrey 1994,
Wijffels et al. 2002), ITF water or Tropical Surface
Water (Woo & Pattiaratchi 2008). Between the sub-
tropical and tropical/ITF surface waters is a broad
zone (15.5−26° S, Stns 10−17) of high eddy activity
and mixing with intermediate T−S properties and a
subsurface salinity maximum between 150 and 250
m. South of the SICW (>36° S, Stns 1−3) is the Sub-
tropical Front, where colder, lower salinity sub-
antarctic water converges with and subducts under
the subtropical water mass.

Chlorophyll profiles from the CTD fluorometer
showed the highest values on the southern (sub-
antarctic) side of the Subtropical Front, with a sharp
boundary between high and low mixed-layer values
at ~36° S (Fig. 3, Table 1). While a subsurface chl a
maximum could be found in all traces, it was rather
weakly defined in profiles south of 28° S and only
became a prominent feature of the chl a distributions
north of 24° S. Consistent with chl a variability,
depth-integrated (0−100 m) nitrate inventories were

highest on the subantarctic side of the Subtropical
Front and lowest in the subtropical region immedi-
ately to the north (Table 1). Depth-integrated nitrate
concentrations (Nitr100m) also rose through the tropi-
cal and mixing regions north of 25° S. This mainly
reflects a trend toward shallower euphotic depths in
this area (i.e. a larger portion of the nitracline is sam-
pled in the upper 100 m), as mixed-layer nutrient
concentrations generally remain very low through-
out the subtropical and topical regions.

3.2.  Mesozooplankton biomass variability
along 110° E

Mesozooplankton DWs for the 110° E transect
 varied from a low value of 320 mg m−2 for the day tow
at 38° S to 1930 mg m−2 for the night tow at 14° S
(Fig. 4). On average, biomass of night collections ex-
ceeded day tows by 50%, indicating that migratory
zooplankton typically account for one-third of the
nighttime biomass. However, this ratio was notably
variable along the transect, especially at the southern
end. For instance, 2 of the 4 most southern stations
had slightly higher biomass during the day tow than
at night, suggesting that diel vertical migration is less
expressed in that region, at least during our sampling

6

Stn       Lat.             MLD           DCM           1% Io            TML             SML            ChlML           Tmean         Nitr100m       Chl100m

            (°S)              (m)             (m)             (m)             (°C)             (psu)         (mg m−3)         (°C)       (mmol m−2)   (mg m−2)

1           39.5               74                31                71               12.2            34.80            0.26             12.1             772             37.5
2           38.0               39                19                66               13.9            33.65            0.58             13.5             466             29.9
3           36.5             119               11                74               15.3            35.53            0.21             15.2             51.8             24.2
4           35.0               79                61               102             18.0            35.85            0.27             17.8              3.5              20.2
5           33.5             129               71                86               18.2            35.91            0.31             18.1              2.4              26.7
6           32.0             141               61               105             19.5            35.99            0.20             19.4              2.4              20.3
7           30.5               91               108               92               20.3            35.90            0.32             20.3              2.4              32.9
8           29.0               48                76               108             20.8            35.84            0.10             20.5              3.5              19.9
9           27.5               18                91                90               21.7            35.70            0.29             21.4              8.7              43.0
10         26.0               34                85                91               23.7            35.46            0.10             23.0              4.5              17.7
11         24.5               35                78                83               24.2            35.39            0.13             23.2             16.9             24.5
12         23.0               37                78                84               25.0            35.27            0.15             24.0             40.7             28.2
13         21.5               33                86               100             25.7            35.17            0.08             24.7             56.0             20.9
14         20.0               20                82                85               26.6            34.92            0.11             25.6             81.4             27.5
15         18.5               50                57                68               26.8            34.75            0.15             24.9             301             12.1
16         17.0               60                87                87               27.0            34.59            0.13             26.3             12.3             15.5
17         15.5               75                90                85               27.3            34.60            0.16             26.6             27.4             22.9
18         14.0               77                83                81               28.1            34.28            0.42             27.7             81.5             31.5
19         12.5               64                74                91               27.9            34.16            0.10             26.5             186             22.2
20         11.5               58                66                80               28.1            34.18            0.07             26.5             308             23.5

Table 1. Environmental data for the 110°E sampling stations. MLD: surface mixed-layer depth, defined as the depth at which
temperature decreases 0.1°C below surface values. DCM: depth of maximum chl a fluorescence in CTD profiles. 1% Io: the
nominal depth of the euphotic zone defined by light (photosynthetically active radiation) extinction. TML, SML, chlML: mean val-
ues for temperature, salinity and extracted chlorophyll of the surface mixed layer. Tmean: mean integrated temperature of the

upper 100 m. Nitr100m and chl100m: depth-integrated values of NO3
− and chl a to 100 m
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period. In contrast, at neighboring Stn 5 (33.5° S), the
night:day biomass ratio (3.7) exceeded that at any
other sampling location. The nighttime biomass at this
station was dominated by large euphausiids in the
2−5 mm size fraction. In addition, a mesopelagic fish
(Myctophum phengodes; 8.7 cm length, 8.8 g wet
weight), the largest specimen collected in all of the
transect tows, was excluded from the night biomass
estimate at Stn 5, but would have elevated the
night:day biomass ratio to 5.0 if in cluded. The unusu-
ally high night:day biomass ratio at 33.5° S might be
explained by its proximity to the Sub-
tropical Front, where water and or -
ganisms from the richer southern habi-
tat are transported and concentrated
beneath poorer SICW to the north.

Mean mesozooplankton biomass
from combined day and night tows
increased from south to north, with
the highest values of 1380 ± 126 mg
DW m−2 in the tropical/ITF water, the
lowest values of 498 ± 165 mg DW m−2

in subantarctic water around the Sub-
tropical Front and intermediate val-
ues (794 ± 171 mg DW m−2) in the sub-
tropical and mixing regions (Fig. 5A).
In contrast to the variability in total
biomass, size class contributions were
reasonably consistent across the tran-
sect, except that smaller zooplankton
accounted for a slightly larger propor-
tion of biomass in the richer, colder
habitat of the subantarctic region
(Fig. 5B). Overall, 0.2−0.5, 0.5−1, 1−2
and 2−5 mm size fractions comprised
21 ± 5, 24 ± 5, 27 ± 4 and 22 ± 7%,
respectively, of total zooplankton DW
for the transect.

To calculate mesozooplankton C bio-
mass from DW measurements, we ap-
plied C:DW conversion factors deter-
mined for each size class and sampling
station. Conversion factors for night
tows were ~1% higher on average
than for day tows, but the 2 tows were
combined for station size-class means
(Fig. 6). All size fractions displayed a
maximum−minimum difference in C
content of at least 10% and up to 15%
of DW over the transect. The 3 smaller
size classes, dominated by crustaceans
(copepods, euphausiids), had similar
mean values (35.6 ± 3.2 to 34.5 ± 4.1%

for the 0.2−0.5 and 1−2 mm fractions, respectively).
They also exhibited similar latitudinal patterns, with
local minima (24−30%) in subtropical waters from
32− 35° S (Stns 4−6) and maximum values (~40%) in
transition waters from 18.5−20° S (Stns 14−15). The
2−5 mm fraction, comprising a greater proportion of
gelatinous taxa, stood out as being distinctly different
from the smaller size classes, with a substantially
lower mean C content (27.7 ± 4.0%) and an abrupt
shift between consistently low values (~24%) south of
28° S and higher values to the north (~30%, except
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for Stn 19). C:DW values were lowest on average
(20.1 ± 7.6%) for >5 mm zooplankton, but those data
were not plotted in Fig. 6 because they were sparse
and highly variable, comprising only a few specimens
from diverse taxa in each tow. Because the C:DW
ratio decreased on average with increasing zoo-
plankton size (Fig. 6), the relative importance of
smaller size fractions (0.2−2 mm) is greater (78%) in
terms of C biomass compared to DW
(72%; Fig. 5).

While we did not use C:N conver-
sions in the present study, our tran-
sect-averaged ratios varied narrowly
from 4.14−4.26 for all <5 mm zoo-
plankton size classes. An overall mean
value of 4.21 ± 0.36 (n = 160) would
therefore be broadly applicable to the
community as a whole. The complete
data set for size-fractioned DW, C and
N values is provided in Table S1 in
the Supplement at www. int-res. com/
articles/ suppl/ m649 p001 _ supp. pdf.

3.3.  Grazing rate estimates

While mean biomass varied only
about 3-fold over the transect (Fig. 5),
grazing rate estimates showed more
substantial increases from higher to
lower latitudes (Fig. 7). Estimates of
phytoplankton consumption ranged
14-fold from the lowest values of
~0.3 mg chl a m−2 d−1 south of 32° S
(Stns 1, 3 and 6) to the highest values
of ~3.6 mg chl a m−2 d−1 in the tropical

region north of 14° S (Stns 18 and 20)
(Fig. 7A). Grazing impact by zoo-
plankton, calculated as the percent-
age of euphotic-zone chl a consumed
d−1, showed an even greater 20-fold
range from 1.2% at 39.5° S (Stn 1) to
24.3% at 11.5° S (Stn 20), with a rela-
tively smooth increasing trend at in -
termediate latitudes (Fig. 7B).

Chl a ingestion estimates rose grad-
ually through the subtropical and
 subtropical−tropical mixing regions
de spite little difference in depth-
integrated chl a, and a slight (but not
statistically significant; r18 = 0.31, p =
0.18) decreasing trend in chl100m over
this area (Fig. 7A, Table 1). Similar

to biomass measurements, smaller (<2 mm) size
fractions dominated grazing all along the transect.
On a relative basis, however, larger zooplankton
contributed more to grazing in the warmer waters
north of 20°−21.5° S compared to cooler and richer
waters to the south (Fig. 7A), reflecting our observa-
tions of more occasional small salps in the tropical
waters.
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On average, nighttime estimates of grazing along
the 110° E transect were 65% higher than daytime
consumption rates at the same station (Fig. 8A).
However, when the grazing estimates were normal-
ized to zooplankton C biomass, the resulting day and
nighttime rates were not significantly different (t18 =
2.02, p = 0.87) (Fig. 8B). These results do not preclude
the possibility that a significant diel cycle in grazing
activity might have been found had we sampled
more uniformly over the full 24 h day. Nonetheless, a
weak or absent diel cycle is more likely given that
our early evening (dark) sampling, which showed no
C-specific rate increase, should reasonably have
captured the peak feeding period of animals, includ-
ing diel migrants that reduce daytime feeding to
minimize predation risk (e.g. Bollens & Sterns 1992).
For continuing analyses below, we combined the
12 h daytime and nighttime grazing estimates into
full-day biomass-specific rates.

3.4.  Temperature relationships and C-based
ingestion estimates

C-specific estimates of mesozooplankton grazing
showed strong relationships with environmental
temperature (Fig. 9). Chl a consumption varied by a

factor of 6.6 (1.3 to 8.4 mg chl a mgC−1 d−1) over the
11.6−26.5°C temperature range and can be de -
scribed by the exponential function: mg chl a mgC−1

d−1 = 0.272e0.121T°C, R2 = 0.85 (Fig. 9A). Stn 2 (38° S)
was excluded from the data for this relationship
because the zooplankton community there was dom-
inated by a high density of pteropod trochophore lar-
vae (Cavolinidae family) with unusually high GPC
relative to the copepod-dominated community at
adjacent stations and elsewhere on the transect. It is,
however, an interesting example of rate sensitivity to
compositional variations in the zooplankton commu-
nity. C-specific clearance rate estimates for the zoo-
plankton community varied by a factor of 13.6, from
5 to 69 l mgC−1 d−1, and can be described by the rela-
tionship: l mgC−1 d−1 = 1.39e0.137T°C, R2 = 0.64
(Fig. 9B). In terms of the range of rates measured and
correlation coefficients, the relationships between
DW-specific grazing and temperature (not shown)
were very similar to those for C-specific grazing
rates (mg chl a mgDW−1 d−1 = 0.078e0.127T°C, R2 =
0.87; l mgDW−1 d−1 = 0.408e0.141T°C, R2 = 0.64). These
relationships indicate that mesozooplankton grazing
activity was strongly associated with increasing tem-
perature along the transect, independent of variabil-
ity in euphotic zone chl a and zooplankton biomass.
All relationships between grazing rates and temper-
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ature described above were highly significant (p <
0.0001), while there was no significant relationship
between C-specific grazing and depth-integrated
chl a (chl100m; Table 1) along the transect (r18 = 0.30,
p > 0.20).

Fig. 10 presents the latitudinal trend in zooplank-
ton ingestion estimates as % of body C consumed
daily computed from the C-specific grazing rates on
chl a and an assumed C:chl a ratio of 58 (Eppley et al.
1992). With the exception of anomalous Stn 2 (38° S),
these ingestion estimates for presumptive direct her-
bivory are on the order of 10% of body C d−1 south of

30° S but rise sharply thereafter to ~40% body C d−1

in tropical/ITF water at the northern end of the tran-
sect (Fig. 10).

4.  DISCUSSION

Two results stand out as the major findings of this
study. The first is the substantial increase in zoo-
plankton biomass from subtropical to tropical waters
along 110° E. This was expected from historical sam-
pling along the transect and, more generally, from
the broadly observed distributions of zooplankton
biomass in the oceans, but it provides further docu-
mentation and quantification in terms of DW and C
measurements. The second major finding is the
unexpected increase in biomass-specific grazing
along the transect, which we found to be strongly
related to environmental temperature and not chl a.
In addition, we documented substantial variability in
C:DW biomass ratios among stations and size classes,
which, while not a new result, clearly complicates
comparisons to historical data sets that have not been
measured by comparable methods. In the sections
below, we first put our biomass findings in the con-
text of previous results for the Indian Ocean and
other regions. We then consider the implications of
the temperature-dependent grazing relationship for
zooplankton energetics and a warming ocean.

10

0

2

4

6

8

10

10 15 20 25 30

y = 0.272e0.121 x

R2 R2
 = 0.85 

Ra
te

 (m
g 

ch
l a

 m
gC

–1
 d

–1
)

Temperature (°C)

Stn 2

A

0

20

40

60

80

10 15 20 25 30

y = 1.39e0.137 x

 = 0.635 

C
le

ar
an

ce
 ra

te
 (l

 m
gC

–1
 d

–1
)

Temperature (°C)

B

Fig. 9. Relationships between mesozooplankton grazing rate estimates and euphotic zone temperature on the 110°E transect.
(A) Temperature relationship for carbon-specific grazing rate. Data for Stn 2 was anomalous and not included in the regres-

sion relationship. (B) Temperature relationship for carbon-specific clearance rate

0

10

20

30

40

50

1014182226303438

In
ge

st
io

n 
ra

te
 (%

 b
od

y 
C

 d
–1

)

Latitude (°S)
Fig. 10. Estimated ingestion rates of mesozooplankton on
the 110°E transect from grazing impact on chl a and an 

assumed carbon:chl a ratio of 58



Landry et al.: Zooplankton biomass and grazing

4.1.  Tropical enrichment of zooplankton biomass

The IN2019_V03 cruise revisited the historical
110° E transect line that was sampled repeatedly by
Australian oceanographers from August 1962 to
August 1963 as part of the IIOE. On those cruises,
depth-integrated vertical tows were done from 200 m
to the surface with the Indian Ocean Standard Net
(333 μm mesh) and analyzed as wet weight. They are
thus difficult to compare directly to our C and DW
measurements from shallower oblique tows with a
finer mesh net. Nonetheless, the summary of IIOE
results by Tranter & Kerr (1969) shows a pattern sim-
ilar to what we observed, with highest zooplankton
biomass north of 14° S, lowest biomass south of 26° S,
and relatively uniform values at intermediate lati-
tudes (Figs. 4 & 5). This historical data both informed
our expectations before the cruise and puts our
measurements in a broader temporal context. Over
the IIOE samplings, daytime biomass estimates aver-
aged 59% of nighttime values, similar to our average
of 67% (Fig. 4), and transect-averaged biomass dur-
ing the time of our cruse, the May−June period, was
the lowest over the annual cycle. The reported sea-
sonal cycle has 2 peaks, with the major peak in
August−September (2−4× the biomass in May−June;
Tranter & Kerr 1969), corresponding to the latter
stage of the boreal summer SW monsoon (austral
winter SE monsoon). The minor peak occurs in Feb-
ruary−March during the latter stages of the boreal
winter NE monsoon (austral summer NW monsoon).
The May−June timing of our cruise coincided with a
lower production period in the eastern Indian Ocean,
the end of the austral fall intermonsoon. The IIOE
historical results indicate that tropical enrichment of
zooplankton biomass is a fairly consistent year-long
feature of our study region and suggest physical
explanations for what may be driving biomass vari-
ability on an annual cycle (Tranter & Kerr 1977). Our
results confirm that the latitudinal pattern observed 5
decades previously is still evident and quantifiable in
terms of measured DW and C biomass. It cannot be
explained as an artefact of wet weight measurements
of gelatinous zooplankton with high water content.

Indian Ocean samples from IIOE comprise a small
but important portion of the database used by Mori-
arty & O’Brien (2013) in their global synthesis of
mesozooplankton biomass distributions. One signi -
ficant outcome of that analysis is a coarse latitudi-
nal comparison that is consistent with our data in
showing approximately 2-fold lower zooplankton C
biomass in subtropical to temperate waters of the
Southern Hemisphere (15−40° S) compared to lower

latitude (15° N to 15° S) waters. The global analysis,
however, shows an increase, rather than a decline in
zooplankton biomass for the 15°−40° N zone com-
pared to the tropical region. This difference may
reflect the greater concentration of zooplankton bio-
mass measurements around richer coastal margins of
the Northern Hemisphere, whereas more of the
global data for the tropical sector and the Southern
Hemisphere comes from the open ocean. However,
in a subsequent analysis of the global biomass distri-
bution of just the macrozooplankton, defined as the
larger size (>2 mm) component of the net-caught
zooplankton, Moriarty et al. (2013) found dramati-
cally higher biomass in the 15° N−15° S region (18 ±
26 mg C m−3) compared to subtropical latitudes of
both the Northern and Southern Hemispheres (0.8 ±
1.3 and 0.3 ± 0.9 mg C m−3, respectively)

Considering only open-ocean expeditions that
sampled mesozooplankton biomass across both trop-
ical and subtropical latitudes, there is more of a gen-
eral pattern of higher zooplankton biomass in tropi-
cal waters, particularly at locations that are strongly
linked to mechanisms, such as upwelling, that de -
liver new nutrients to surfaces waters. For example,
various crossings of the equatorial Atlantic by the
Atlantic Meridional Transect program have shown
higher biomass in the equatorial and tropical
upwelling regions than in adjacent subtropical
waters, although the biomass differences tend to be
asymmetrically greater, up to 5-fold, on the southern
side compared to a factor of 2 or less on the northern
side (Isla et al. 2004, López & Anadón 2008, Calbet
et al. 2009). In the central Pacific, sampling along
140° W during the US Joint Global Ocean Flux Study
Equatorial Pacific (JGOFS EqPac) program gave a
more symmetrical factor-of-2 increase in zooplank-
ton biomass around the equatorial upwelling diver-
gence compared to subtropical waters to the north
and south (White et al. 1995), with values similar in
magnitude to what we observe in the eastern Indian
Ocean. In contrast, in the western Pacific along
160° E, where a thick layer of oligotrophic water in
the Western Warm Pool prevents significant nutrient
flux into surface waters, the equatorial region is a
local minimum in zooplankton biomass (Sun & Wang
2017). We can take from the above examples that
tropical enhancement of zooplankton biomass in the
eastern Indian Ocean probably requires a mecha-
nism of new nutrient delivery similar in magnitude to
that in the equatorial Pacific upwelling region.

Due to EEZ (exclusive economic zone) restrictions,
we were not able to sample as far north as the origi-
nal IIOE cruises, and therefore missed the feature
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that Tranter & Kerr (1977) determined was responsi-
ble for the tropical enrichment of zooplankton bio-
mass, which they called the Java Dome. As originally
described by Wyrtki (1962), the formation of the
westward-flowing South Equatorial Current south of
Java involves an anticyclonic turn of surface currents
from the south forming a thermocline dome that
strengthens during the SE monsoon. The Costa Rica
Dome, a region of elevated productivity zooplankton
biomass at ~9° N in the eastern Pacific (Landry et al.
2016), is an analogous seasonally developing feature
where enrichment occurs by upwelling on the eddy
flank and by lateral transport of deeper water over
the thermocline ridge (Wyrtki 1964). Wyrtki (1962)
documented that phosphate was substantially ele-
vated at 100 m in the Java Dome region, and
Rochford (1977) further described the doming and
mixing of nutrient-enriched deep tropical waters to
40−50 m in the euphotic layer north of the South
Equatorial Current during the austral winter−spring
(May−October) period, though not clearly penetrat-
ing into the surface mixed layer. Based on this, Tran-
ter & Kerr (1977) indicated that the area contrasted
with classical upwelling systems in not showing a
major increase in near-surface nutrients, which sug-
gests that a good deal of the productivity may occur
in the lower euphotic zone, as has been observed for
massive sub-surface diatom blooms in lee eddies of
the Hawaiian Islands (e.g. Brown et al. 2008, Landry
et al. 2008). Nonetheless, modern satellite images do
show at least some dynamical response in surface
ocean color south of Java during winter−spring as
well as enrichment off of NW Australia that Tranter
& Kerr (1977) linked to the separate feeding aggre -
gation areas for humpback and sperm whales
from historical whaling records. Thus, there is ample
evidence of enhanced productivity areas that could
generate and sustain the elevated zooplankton
 biomass that we found in tropical waters, even
though they were not directly observed in our trans -
ect sampling.

In the first depth-resolved analysis of ITF nutrient
transport based on volume transport and concentra-
tions, Ayers et al. (2014) revealed surprisingly high
NO3

−-based new production potential. Mixing along
the ITF passages is effective in bringing North Pacific
thermocline waters upward, such that NO3

− concen-
trations average ~5 μM at the surface and 20 μM at
150 m depth in all of the major ITF passages. Almost
all of the effective nutrient exchange through the ITF
occurs in waters shallower than 400 m, and <150 m in
the Lombok Strait, which accounts for ~25% of ITF
volume transport and is the closest outlet to our tran-

sect line (115.7° E). Ayers et al. (2014) determined
that if all of the ITF NO3

− delivered to the eastern
Indian Ocean was biologically available, the new
production f-ratio would be raised by 0.15, on aver-
age, over an area 5−6 times that of the Mediterran-
ean Sea. While it is unrealistic to expect this potential
to be fully realized, it does suggest a substantial
source of NO3

− to support localized areas of new pro-
duction from upwelling, advective transport or meso -
scale (eddy pumping) mechanisms (Rossi et al. 2013,
Dufois et al. 2014).

It may also be that N2 fixation contributes signifi-
cantly to regional new production. For example,
Waite et al. (2013) measured N2 fixation rates
accounting for up to 80% of new production in oligo-
trophic waters off the west coast of Australia, and
Raes et al. (2014) found that Trichodesmium blooms
contributed up to 50% of new production along the
NW margin of Australia and Timor Sea. For the pres-
ent 110° E transect study, <2 mm zooplankton size
fractions were found to have consistently higher δ15N
values (10.4−10.6 ‰; Stns 3−5), indicative of nitrate
upwelling, near the subtropical front and consis-
tently lower δ15N values (4.2−5.4 ‰; Stns 8−13), sug-
gestive of increasing N2 fixation, in the mixing area
(Stns 8−13) between the subtropical and tropical sur-
face water masses (E. J. Raes et al. unpubl. data).
Mesozooplankton δ15N values increased in the north-
ern end of the transect (6.0−7.3‰; Stns 18−20; E. J.
Raes et al. unpubl. data). While much more needs to
be done in future studies to understand the relative
contributions of nutrient sources that stimulate pro-
ductivity and zooplankton biomass in tropical waters
of the eastern Indian Ocean, the zooplankton enrich-
ment pattern appears more consistent with an
increasing role of upward nitrate mixing, rather than
N2 fixation, in the direction of the ITF.

4.2.  Temperature-enhanced grazing

Mesozooplankton herbivory, the direct feeding of
mesozooplankton on phytoplankton, is classically
observed to increase in association with environmen-
tal conditions, such as temperate and high-latitude
blooms, that stimulate phytoplankton biomass over-
all, and larger phytoplankton taxa in particular.
While it would not have been unexpected to find
increased grazing along the 110° E transect in local
areas of higher chl a and reduced temperature simi-
lar to tropical upwelling zones in the Atlantic and
Pacific Oceans (Zhang et al. 1995, Isla et al. 2004,
López & Anadón 2008, Calbet et al. 2009), the com -
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bination of apparent severe oligotrophy and mono -
tonically increasing temperature throughout the sub-
tropical and tropical regions of 110° E comprise
unusual, if not unique, circumstances. Mixed-layer
concentrations of chl a, in fact, declined somewhat,
though not significantly, along with south-to-north
increasing temperature over the 110° E transect
(Table 1). Such conditions resemble, at least super -
ficially, the predicted effects of climate warming,
which anticipate expanding oligotrophic systems
that are increasingly unfavorable for mesozooplank-
ton (Richardson 2008, Chust et al. 2014, Stock et al.
2014, Steinberg & Landry 2017). Despite these condi-
tions, however, our results indicate remarkably
strong increases in total and biomass-specific graz-
ing along the transect (Figs. 7−9). In addition, while
the observed biomass accumulation at northern sta-
tions might be connected by transport to a distant
high-production area, the much shorter time scale of
gut turnover requires that grazing rates be more
directly linked to instantaneous measurements of
ecosystem properties.

Some of the transect variability in grazing rate esti-
mates can be ascribed to specific factors considered
in our analysis. For example, the measured increase
in zooplankton biomass along the transect accounts
for about a 2-fold range of rate variability, as deter-
mined from the ratio of the 14× increase in commu-
nity grazing on chl a (Fig. 7) compared to the 6.5×
increase in biomass-specific grazing on chl a
(Fig. 9a). The 13.6× range in biomass-specific clear-
ance rates (Fig. 9) accounts for both transect variabil-
ity in zooplankton biomass and chl a con tent of the
euphotic zone. Of that, the temperature-dependent
gut clearance rate constant for computing grazing
rate estimates (Irigoien 1998) accounts for a factor of
2. This leaves approximately a 7-fold temperature
enhancement in C-specific chl a clearance rates
along the transect that is above and beyond what can
explained by variability in zooplankton biomass, chl
a concentration and the gut clearance rate function.

Tranter (1977b) distinguished different copepod
species groups associated with tropical and subtrop-
ical water masses along 110° E. We thus assumed
that measured biomass and temperature rate rela-
tionships reflected those of different assemblages
that are adapted to the range in thermal and trophic
conditions along the transect, rather than tempera-
ture responses of identical assemblages. We also
observed increases in the occurrence of small salps
as well as the measured grazing contributions of
larger zooplankton at the northern stations (Fig. 7),
suggesting a slight shift to larger, more-efficient

grazers of small phytoplankton in the tropical water
mass. Overall, however, grazing remained strongly
dominated by <2 mm size classes at all of the stations
(Fig. 7). Thus, while community composition might
contribute to grazing rate variability in subtle ways, it
does not explain the general trend relating to tem-
perature.

Whether the increasing trend in mesozooplankton
C-based grazing estimates across the 110° E transect
(Fig. 10) represents a net positive, negative or neutral
contribution to zooplankton C budgets depends on
how it compares to the expected effects of tempera-
ture on zooplankton energetics and growth require-
ments. To make those comparisons, we computed
respiratory (R) requirements from the empirical
equation of Ikeda (1985):

lnRo (μl O2 ind.−1 h−1) = 0.8354 × lnCi (mg C ind.−1)
+ 0.0601 × T (°C) + 0.5254 (2)

where Ci is the average C content of an individual
zooplankter in size-fraction i. Potential growth rates
(g, d−1) were similarly computed from the equation of
Hirst & Sheader (1997):

log10g (d−1) = −0.2962 × log10Ci (μg C ind.−1)
+ 0.0246 × T (°C) − 1.1355 (3)

This particular model was used because its predic-
tions agree closely with the zooplankton growth
rates supported by food-web flows in the equatorial
Pacific (Landry et al. 2020) and, thus, represent the
expected growth rates that could be achieved if all
nutritional resources, in addition chl a-containing
food, were considered. For both respiration and
growth rate equations, we used mean estimates of
individual zooplankton C (2.4, 7.4, 41, 140 and 2782
μg C ind.−1 for the 0.2−0.5 to >5 mm size fractions,
respectively) determined from measured size-frac-
tioned abundances and C biomass in 144 net tows
from the subtropical Pacific (Landry et al. 2001).
Growth rates (d−1) were converted to production esti-
mates by multiplying by the mean day−night C bio-
mass of the zooplankton assemblage (mg C m−2) at
each station. Respiration rates for each size class
were converted to C equivalents using the molar vol-
ume of an ideal gas at standard temperature and
pressure (22.4 l mol−1), the respiratory quotient (0.97;
Hernández-León & Ikeda 2005) and the molecular
weight of C (12 g C mol−1) and multiplying by zoo-
plankton abundance (total C biomass ind.−1). The
feeding rates (C demand) needed to satisfy respira-
tion and growth requirements further assume a 70%
absorption efficiency for ingested food (Steinberg &
Landry 2017).
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Table 2 summarizes transect calculations of C-
based respiration and growth rates (mg C m−2 d−1) of
the zooplankton community as well as the percent-
age of mesozooplankton C that must be ingested
daily to satisfy energetic requirements for respiration
only or for the combination of respiration and pro-
duction. Estimates of community respiration increase
by about a factor of 7.7 (12.9 to 99.9 mg C m−2 d−1)
from the lowest values at Stn 2 to the highest values
at Stn 18, and production predictions vary by a factor
of 6 (10.2 to 60.9 mg C m−2 d−1) over the same interval
(Table 2). These ranges include the effects of a 3.6×
increase in total C biomass, a 13.3°C increase in
mean environmental temperature and some variabil-
ity in size-class contributions to biomass. On a bio-
mass-specific basis, the feeding required to achieve
these rates approximately doubles over the tempera-
ture range from 13.9 to 29% of zooplankton body C
d−1 for respiration only, and from 24 to 48% of body C
d−1 for respiration and production together.

C-based estimates of zooplankton ingestion (Fig. 10)
fall far short of satisfying the zooplankton energetic
requirements in the southern portion of the 110° E

transect (Stns 1−10, south of 26° S), where water
 temperature was coldest and chl a highest. Consider-
ing only the component of feeding measured by gut
pigment (i.e. not accounting for food resources lack-
ing chl a), the average feeding rate deficiency in this
region was −3% of body C d−1 for respiration and
−16% d−1 for the combined requirements for respi -
ration and production. A different picture emerges
for the northern half of the transect (Stns 11−20),
where accelerating ingestion gradually satisfies res-
piration (+9% of body C d−1, on average) and re -
duces the feeding deficiency for combined respi -
ration and production (−10% of body C d−1, on
average). According to these estimates, ingestion
comes closest to balancing energetic requirements
(−5.0% of body C d−1; Stns 17−20) in tropical waters
with the highest temperature. Our conclusion from
this comparison is that the C-based ingestion rates
estimated from gut pigments on the 110° E transect
increased faster with increasing temperature than
the predicted effect of temperature on C demand
for respiration and growth. As a consequence, the
temperature-enhanced grazing trend makes a net

positive contribution to the energy
balance of zooplankton.

The above estimates for feeding
rate contributions to energetic re -
quirements are similar in magni-
tude to those reported by López &
Anádon (2008) for the equatorial
Atlantic but substantially higher
than commonly found for oligo -
trophic oceans. López & Anádon
(2008) gave biomass-specific graz-
ing estimates as high as 80−90% of
body C d−1 for some zooplankton
size fractions, and their mean rates
computed from measured total bio-
mass and grazing and an assumed
C:chl a = 58, exactly as we have
done here, gave C-specific inges-
tion rates of 43% (upwelling), 24%
(equatorial), 12% (N subtropics)
and 16% (S subtropics) of body C
d−1 for the various regions studied.
In contrast, most studies in the low-
latitude oceans have shown that
herbivory fails to meet even the C
demand for respiration (Zhang et
al. 1995, Roman et al. 2002, Calbet
et al. 2009), leading to the widely
held, and experimentally sup-
ported, view that most zooplankton
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        Lat.    Tmean     Biomass Rate est. (mg C m−2 d−1) Feeding req. (%C d−1)
Stn   (°S)     (°C)    (mg C m−2)          Resp         Prod                Resp   Resp+Prod

1       39.5     11.6          264                 24.4          20.3                 13.2          24.2
2       38.0     13.3          132                 12.9          10.2                 13.9          24.9
3       36.5     14.8          133                 14.5          11.6                 15.6          28.0
4       35.0     17.3          131                 16.9          13.6                 18.5          33.3
5       33.5     17.4          297                 35.2          26.2                 16.9          29.5
6       32.0     19.2          131                 16.4          11.4                 17.8          30.3
7       30.5     18.9          249                 34.0          26.3                 19.5          34.6
8       29.0     19.9          159                 22.5          17.0                 20.2          35.4
9       27.5     21.2          286                 39.3          26.9                 19.6          33.1
10     26.0     21.8          278                 41.5          29.7                 21.3          36.6
11     24.5     23.0          318                 51.1          35.6                 23.0          39.0
12     23.0     24.0          293                 51.4          36.8                 25.0          42.9
13     21.5     24.6          279                 49.7          35.2                 25.5          43.5
14     20.0     25.6          274                 51.8          36.2                 27.0          45.1
15     18.5     25.1          307                 56.7          40.1                 26.4          45.0
16     17.0     25.4          268                 48.9          33.2                 26.1          43.8
17     15.5     25.5          216                 42.3          31.0                 28.0          48.5
18     14.0     26.6          488                 99.9          71.9                 29.3          50.3
19     12.5     26.4          450                 92.6          67.0                 29.4          50.7
20     11.5     25.6          426                 84.2          60.9                 28.2          48.6

Table 2. Predicted respiration, production and required feeding rates of mesozoo-
plankton along the 110°E transect. T: mean recorded temperature over the depth of
the net tows. Biomass: average measured total C of day and nighttime net tows at
each station. Respiration estimates: based on the empirical metabolic equations of
Ikeda (1985), which consider environmental temperature and mean biomass of indi-
viduals within zooplankton size classes. Production estimates: based on the empiri-
cal growth rate equations of Hirst & Sheader (1997) computed from environmental
temperature and mean biomass of individuals within zooplankton size classes. Esti-
mates of required mesozooplankton feeding to satisfy energetic demands of respira-

tion or respiration + production assume a 70% digestive absorption efficiency
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nutrition in the open ocean is provided by predation
on microzooplankton (Calbet 2001, Calbet & Saiz
2005, Landry & Décima 2017) or from general omniv-
orous feeding on varying food resources, including
detritus.

Our high estimates of zooplankton herbivory do
not necessarily represent a departure from the
expected importance of microzooplankton as the pri-
mary grazers and trophic intermediaries to mesozoo-
plankton in the open ocean (Calbet & Landry 2004),
but do highlight a significant uncertainty in applying
gut clearance rate constants to the grazing calcula-
tions. We chose the Irigoien (1998) relationship
because it was based on a large body of experimental
data and had a relatively conservative temperature
function (Fig. 2). However, the data for high temper-
atures are sparse, and the extrapolation of largely
temperate results to tropical temperatures introduces
a large multiplier into the rate determinations. For
comparison, López & Anádon (2008) measured gut
clearance rates between 14 and 21°C along their
Atlantic transect that are about 60% of the values
that we used at comparable temperatures. Several
experiments done at >28°C in the South China Sea
have also given mean rates (0.027 min−1; Tseng et al.
2009) that are one-third the value of what the
Irigoien (1998) relationship would predict. If our rates
are scaled by either of these lower factors, the 110° E
zooplankton assemblages would require very much
higher contributions from microzooplankton preda-
tion or general omnivory to meet energetic and
growth requirements. Nonetheless, the conclusions
of (1) a temperature-enhanced grazing trend and (2)
a positive energetic contribution of the trend are
robust. This is because even if a constant estimate of
gut clearance rate is applied to all grazing calcula-
tions regardless of temperature, the remaining 7-fold
increase in C-specific GPCs greatly exceeds the pre-
dicted 2.5 and 2.3× increases in biomass-specific res-
piration and growth rates, respectively, over the tem-
perature range of the transect.

4.3.  Implications for a warming ocean

Although the Indian Ocean is the smallest and
least studied of the major oceans, it has many unique
features of geography and circulation that amplify its
role in global climate dynamics (Hermes et al. 2019).
One of those features, the ITF, is the only low-lati-
tude connection between oceans, through which
water and heat transfer from the Pacific has made the
Indian Ocean the fastest warming ocean over the

past 2 decades (Lee et al. 2015, Desbruyères et al.
2017). Recent analyses suggest that the development
of previously unknown transport pathways of ITF
into the interior of Indian Ocean have lengthened the
passage (residence) time of waters that ultimately
exit to the Atlantic, with associated effects on tem-
perature, stratification and rainfall (Makarim et al.
2019). Gregg & Rousseaux (2019) further pointed to
the equatorial and north Indian Ocean as being
responsible for most of the global decline in satellite-
estimated ocean productivity over the same period.
Despite its small size, the ITF region between
Indonesia and NW Australia is also a hotspot of bio-
diversity (e.g. Sutton & Beckley 2017) and fisheries,
including the only global spawning area for southern
bluefin tuna (Matsuura et al. 1997, Farley et al. 2015).
It is, therefore, a region where improved understand-
ing of ecological relationships is desirable in its own
right.

As for any region, the accuracy of future climate
predictions for the eastern Indian Ocean requires a
good understanding of the mechanisms that drive
patterns and dynamics in the contemporary ocean.
By this metric, ocean ecosystem models have shown
mixed degrees of skill for our study region. Accord-
ing to the C-based satellite estimates of Behrenfeld
et al. (2005), phytoplankton growth rates and pro-
ductivity are high in the ITF region, comparable to
rates in equatorial areas of the Atlantic and Pacific
Oceans. Compared to the same equatorial regions,
however, trophic models based on satellite produc-
tivity suggest much lower values of zooplankton bio-
mass and phytoplankton:zooplankton biomass ratios
in our study area (e.g. Strömberg et al. 2009, Ward et
al. 2012). Part of this discrepancy might be explained
by differences in how ecosystem models structure
trophic interactions (Sailley et al. 2013) or by uncer-
tainties, in particular, in the temperature sensitivities
of tropical production systems (Kwiatkowski et al.
2017). However, many models have emphasized the
significance of elevated temperature in amplifying
the propagation of phytoplankton biomass trends to
higher trophic levels at low latitudes, which make
the projected impacts of future temperature in -
creases on zooplankton substantially higher than the
impacts on phytoplankton (Chust et al. 2014, Stock et
al. 2014, Kwiatkowski et al. 2019). Stock et al. (2014)
ascribed this trophic amplification to 3 temperature
effects — decreasing fraction of primary production
consumed due to smaller phytoplankton, increasing
zooplankton trophic positions due to a dietary shift
to microzooplankton or carnivory and decreasing
growth efficiencies due to higher metabolic costs.
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While we do not dispute experimental and obser-
vational findings that underly the concept of trophic
amplification, our biomass and grazing results sug-
gest that the coupling between primary producers
and mesozooplankton in tropical systems could be
more efficient than conventionally assumed. Similar
to our findings, López & Anadón (2008) observed
their highest grazing impact on phytoplankton pro-
ductivity in the equatorial Atlantic. Copepods from
that region also had larger mean size than those in
adjacent subtropical waters with similar phytoplank-
ton size structure and equal or higher rates of bio-
mass-specific grazing than in temperate waters with
large phytoplankton. López & Anadón (2008) attrib-
uted these findings to zooplankton assemblages
acclimated or adapted to feed more efficiently on
small cells. More recently, Boersma et al. (2016)
advanced an energetic argument for why increased
zooplankton herbivory might be expected as the
oceans warm, suggesting that the higher C content of
primary producers is more desirable for satisfying the
higher metabolic C demand at higher temperature,
with isotopic analyses and laboratory feeding studies
providing some support for this hypothesis. While
interpretation of this evidence is not without contro-
versy (Winder et al. 2016), we note here that the
strong relationship between zooplankton herbivory
and temperature on the 110° E transect are field-
based results consistent with the Boersma et al.
(2016) prediction.

Another possible mechanism for improving food
web efficiency and higher apparent zooplankton
grazing on phytoplankton in tropical waters would
be a temperature shift toward greater mixotrophy,
referring to the collective diverse strategies by which
pelagic protists assume the functions of both primary
producer and micro-consumer (Stoecker 1998).
Because mixotrophs produce C as needed by photo-
synthesis to fuel metabolism, their grazing-acquired
nutrients are better retained and applied efficiently
to growth (Raven 1997, Rothhaupt 1997, Mitra et al.
2014). The combined photosynthetic and phago -
trophic functions of mixotrophs also shorten mean
food chain length, thereby enhancing the efficiency
of trophic transfer to mesozooplankton (Mitra et al.
2014, Ward & Follows 2016). Although mixotrophy is
known to be important, particularly in high-light,
low-nutrient systems, there are too few direct rate
measurements to compare ecosystems, latitudinal
zones or temperatures. Data biases are also evident
with respect to cell sizes, taxa and regions studied,
with most observations focused on large dinoflagel-
lates in coastal and high-latitude environments

(Leles et al. 2019). We suggest that higher tempera-
ture could be a factor in selecting for increased
mixotrophy in low-nutrient tropical seas to achieve
faster and more efficient growth driven by high graz-
ing pressure and biomass turnover. The strong rela-
tionship between zooplankton grazing and tempera-
ture in the present study is consistent with this
hypothesis, with the caveat that our grazing esti-
mates on chl a-containing cells would also include all
or most of the food intake traditionally assumed to
come separately via predation on microzooplankton.
That would put the high C-specific ingestion rates in
Fig. 10 in a different perspective, as more indicative
of total transfer though the microbial food web rather
than an estimate for just phytoplankton.

Lastly, while we have viewed the consistently low
mixed-layer nutrients and chl a over most of the
110° E transect as an indication of a comparable
degree of oligotrophy, they could instead be a mani-
festation of top-down grazer control. Mesocosm
experiments indicate that warming alters food web
structure by strengthening grazer control of primary
production, especially as the rate of nutrient supply
increases (O’Connor et al. 2009), as might well be the
case for ITF-influenced tropical water mass. Thus,
the combination of warmer temperature and higher
nutrient fluxes (not necessarily higher mixed-layer
concentrations) in the tropical waters may drive
higher grazing that suppresses chl a. Ocean ecosys-
tem models consistent with this mechanism have fur-
ther suggested that the ITF region may be one of the
few low-latitude systems where nutrient fluxes
increase with temperature by 2100 (Lewandowska et
al. 2014).

The original IIOE−110° E investigators could
scarcely have imagined an ocean in which
bacteria had major food web roles, protists were
the dominant consumers of primary production,
phytoplankton were likely grazers and rapidly ris-
ing temperature was a matter of global concern.
In another half century, our current understanding
of ocean processes and ability to model and pre-
dict climate change consequences may seem
equally naive. One potential message to take
away from the unexpected finding of a positive
temperature response in zooplankton C-specific
grazing across an apparently nutrient-poor region
of the subtropical−tropical ocean is that our pres-
ent understanding of the effects of warming may
not be as settled as they appear in simple trophic
models and thinking derived mainly from studies
of temperate and high-latitude ecosystems. Like
the Indian Ocean generally, tropical regions of the
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oceans directly effect a disproportionate fraction
of the global population and will likely bear much
of the negative impact of climate warming, yet
they are understudied in almost every respect.
Future studies are needed that examine in detail
the food web structure, nutrient fluxes and trophic
dynamics of tropical ocean regions and their tem-
perature sensitivities.
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