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A long-term decline in phytoplankton biomass

Boyce et al. (2010) Nature

“we estimate a global decline of 1% of global median per year”
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From secchi, 
fluorometry, HPLC, 
spectrophotometry





What is the long-term trend in zooplankton?
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Plate 34. Variants of the VPR. (A) The VPR prototype circa 1996 (M. Benfield, photo). (B) More recent version of the VPR (P.
Alatalo, photo). (C) The Vertical Profiling VPR being launched on Georges Bank circa December 1999 (P. Wiebe, photo). (D) The
VPR in a surface skimmer circa 2000 (S. Gallager, photo).

that were located within the depth of field as well as out-of-focus images of organisms located in front or
behind the imaged volume. Some images were just slightly out-of-focus for animals positioned close to
the image volume, but there were also unrecognizable, highly blurred images of animals well outside the
video camera’s depth of field. The early solution to this problem was to train the data analyst to recognize
out-of-focus animals by videotaping tethered individuals of different taxa as they were moved through the
depth of field.
Data were initially analyzed by manually viewing each videotape one field at a time using a monitor

with an overlaid MATLAB measurement routine (see Benfield, Davis, Wiebe, Gallager, Lough, & Copley,
1996 for a description of this technique). The identity of each target was determined by the observer and
recorded in a file using a pull down menu. Then, a point-and-click interface allowed the operator to measure
the dimensions of each zooplankton target. This proved to be highly labor intensive because each hour of
videotape required examination of 216 000 video fields. Zooplankton densities were estimated by dividing
the number of individuals of each taxonomic category observed in a section of videotape by the cumulative
volume imaged over the same time period. The mean density at a particular point in time can be located
in three-dimensional coordinate space by relating the time an image was taken to the VPR’s navigational
datafile containing time, longitude, latitude and depth.
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Plate 2. Non-opening/closing nets developed in the latter half of the 20th century. (A) The WP2 net (Fraser, 1966). (B) The ICITA
net (Jossi, 1966). (C) The CalCOFI net circa 1993 (L. Postel photo). (D) The MARMAP Bongo net (Posgay & Marak, 1980). (E)
The Bongo net with CTD circa 1999 (Wiebe, photo).

(the act of an individual zooplankton moving away from the net mouth to avoid capture) of the pressure
wave from the wire was unlikely. This net used 1 mm nylon mesh and was towed at speeds up to 7 kts.
The Gimbal Ring Zooplankton Sampler (Kozasa, 1984) was also unusual. It consisted of a double gimbaled
frame 100 cm tall×65.5 cm wide which supported a ring net 30 cm in diameter. A bridle was attached to
the top of the frame and a weight to the bottom so the net mouth was free of obstructions. Nester (1987)
described a horizontal ichthyoplankton tow-net system based on the Blackburn and Keith (1962) system
(described below) in which a 50 cm diameter circular net ring was mounted in a 53 cm×53 cm rectangular
frame. The net was a cylinder-cone with 0.333 mm nylon mesh. A towing bridle was attached to a spreader
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Plate 22. Early towed planktobenthos collection systems. (A) The Hensen planktobenthos sampler (Hensen, 1895). (B) The Russell
sampler (Russell, 1928). (C) The opening/closing planktobenthos sampler (Bossanyi, 1951). (D) The opening/closing planktobenthos
sampler (Wickstead, 1953).
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Plate 12. Additional unique plankton samplers. (A) The SSN Sea Dragon Plankton net (Grice, 1962), a serial net sampler. (B) A
two winch/warp opening/closing Tucker trawl (Enzenhofer & Hume, 1989). (C) The plankton purse seine (Murphy & Clutter, 1972).

significantly more fish larvae, especially during the day, and the lengths of the larvae caught were substan-
tially bigger.

2.2.1.3. High-speed samplers The development of high-speed samplers came in response to the need
for sampling in bad weather, to use for plankton sampling between stations while the ship was underway,
or to reduce the effects of net avoidance by the larger zooplankton (Fig. 3). The first primitive high-speed
samplers were developed in the early 1900s (Apstein, 1906; Zacharias, 1907; Monti, 1910) (Plate 13A–
C). They were relatively small diameter tubes (5–12 cm diameter) between 26 and 50 cm in length, with
a conical nose cone with an aperture of 1.5–4 cm and a bridle attached near the front of the device.
It was Hardy (1926a, 1936b) that provided the first widely used device: the Hardy plankton indicator

(Plate 13D). Similar to the earlier designs cited above, it was intended to provide herring fisherman with
a device that they could tow underway to obtain a sample that they could use to relate the quantity and
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Plate 19. The CPR high-speed sampler and a descendant. (A) Evolutionary sequence of the CPR (Hardy, 1936a). (B) The CPR
circa 1993 (Wiebe, photo). (C) The UOR 1975 (Wiebe, photos).

opening. The tunnel passes through the lower portion of the sampler and out the back. Below the tunnel
is one spool of silk gauze (23.6 meshes per cm) 15.25 cm wide that threads across the tunnel and captures
the plankton. A second spool of silk gauze lies above the tunnel and is threaded to meet the first gauze
strip as it leaves the tunnel, sandwiching the plankton between the two strips. The gauze strips are wound
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Plate 20. Single net neuston collection systems. (A) The Neuston net (Zaitsev, 1959, 1970). (B) The Booby II Neuston net (Bieri
et al., 1966). (C) A neuston net (Willis, 1963). (D) A neuston net (David, 1965). (E) A neuston net (Sameoto & Jaroszynski, 1969).
(F) A neuston net (Sconfietti & Cantonati, 1990).
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Plate 4. Non-opening/closing nets developed in the latter half of the 20th century (continued). (A–B) The Tucker trawl and time
depth recorder (Tucker, 1951). (C–E) The Tucker trawl and meter net (Blackburn & Keith, 1962). (F) The Tucker Trawl (Walker &
Davies, 1986).
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Plate 31. Descendants of the Bé MPS. (A) A multi-net rigged for a vertical tow (Weikert & John, 1981. —Niehoff, photo. (B)
Postel photo). (C) The ORI vertical MPS (Terazaki, 1991). (D,E) The LOCHNESS (Dunn et al., 1993b).
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after the CPR, and LHPR (1984) (Plate 32A). This sampler had two rolls of 0.457 mm Nitex mesh. One
roll was stepped across the tunnel to collect plankton being drawn through the sampler by a 2 HP outboard
battery powered motor. The gauze was taken up by a second spool in a formalin filled chamber. A second
roll of gauze was wound onto the take-up spool to sandwich the plankton. A preset number of flow meter

Plate 32. Moored plankton collection systems. (A) The O’Hara automatic plankton sampler (O’Hara, 1984). (B) The moored auto-
mated plankton sampler (Lewis & Heckl, 1991). (C, D) The moored, automated, serial zooplankton pump (Doherty & Butman, 1990;
L. Garland, photo).
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Plate 3. Non-opening/closing nets developed in the latter half of the 20th century (continued). (A, B) The Marutoku, Marunaka,
Maruchi, Marudai and Kitahara plankton nets (Nakai, 1962). (C) Octagon net (Sameoto & Jaroszynski, 1976). (D) The IKMT (Isaacs
et al., 1953). (E) Reeve net circa 1999 (Wiebe, photo). (F) Reeve net (Reeve, 1981).
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Plate 1. Some non-opening/closing nets developed in the late 19th and early to mid-20th centuries. The Juday, N-70, and Norpac
nets were also used with an opening closing mechanisms. (A) The Hensen net (Jenkins, 1901). (B) The Hensen net (Wimpenny,
1937). (C) The Juday net (Juday, 1916). (D) The International Standard net (Ostenfeld & Jespersen, 1924). (E) The N-70 net (Kemp
et al., 1929). (F) The Norpac net (right two nets – Motoda et al., 1957). (G) The Indian Ocean net (Currie, 1963).
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Plate 4. Non-opening/closing nets developed in the latter half of the 20th century (continued). (A–B) The Tucker trawl and time
depth recorder (Tucker, 1951). (C–E) The Tucker trawl and meter net (Blackburn & Keith, 1962). (F) The Tucker Trawl (Walker &
Davies, 1986).
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Plate 5. Some opening/closing nets developed in the late 19th and early 20th century. (A) The Nansen net (Nansen, 1915). (B) The
Hart net (Hart, 1935). (C) The Hoyle net (Hoyle, 1889). (D) The Kofoid net (Kofoid, 1912).

bottom portion of the net. Multiples of these units could be attached to the wire at various depth intervals
as the wire was lowered vertically into the water. Plankton collections were made as the nets were hauled
up until a messenger hit the release and released the bridle and the next messenger in the chain, thus
closing the net.
In spite of its popularity, the Nansen closing net design had significant disadvantages. Kofoid (1911a)

produced a comprehensive review of the early development of available opening/closing net systems and
discussed the pros and cons of 37 systems described in the literature between 1880 and 1911. One of the
first double messenger systems was described by Hoyle (1889) (Plate 5C). Hoyle’s summary of its features
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Fig. 6. A composite time line showing the boxes outlining the individual systems in Figs 1–5. Introductions of new classes of
samplers often coincided with the availability of new technologies (i.e., closing cod-end systems, multiple net systems, and
electronic/optical systems; Table 1). An exception may the development of neuston net systems.

Table 1
Some enabling technology milestones

Timeframe Technology

Late 1800s Wire rope and winches
1950s, 1960s Electrified cables and release mechanisms
1960s, 1970s Transistorized electronics and acoustic telemetry
1970s, 1980s Micro-computers
1980s, 1990s Electro-optical cable and advanced optical–acoustical components
Beyond 2000 Miniaturized components, ultra high storage capacity, lower power components, longer battery life,

higher telemetry rates

powered data logging systems that enable high-resolution data to be collected from accompanying environ-
mental and engineering sensors (e.g. ARIES — Dunn et al., 1993a).
In the 1990s, acoustic and optical technologies gave rise to sensor systems that either have complemented

multiple net systems or have been used free-standing without nets (Table 1). While they have not yet
replaced nets, it is only a matter of time before much of the work in collecting the basic information on
the distribution and abundance of zooplankton species will be possible without the use of nets.

+ many more

163 different 
plankton samplers
(Wiebe & Benfield 2003)



Zooplankton biomassPhytoplankton biomassAttributes
NoYesMeasurable from space
Difficult: manual and lab-basedEasy: instruments and in situMeasurement
6: AFDW, DW, Wet, Dry, Carbon, Displaced3: Fluorometry, HPLC, spectrophotometry Standard methods
- Nets of different mesh sizes
- Many different net types
- Towed horizontally, obliquely, vertically

Bottle or in situ Collection

>10x from jellies (<0.5%) to crustaceans (12%)Varies little across groupsCarbon content
Throughout the water columnMainly in euphotic zoneWhere found
Extensive diel vertical migrationLittleDiel patterns

1. Little method standardisation because different 

questions require different sampling

2. The HOW, WHERE and WHEN you sample 

zooplankton biomass is important

Challenges measuring and comparing 
plankton biomass data

More than abundance dataMore than abundance dataAvailability of biomass
Seasonal patterns ConsiderableConsiderable

Time series data Mainly coastalMainly coastal



Analysing biomass data: 1. Conversions and subsetting

Everett et al. (2017)



2. Analysing biomass data: Generalised mixed modelling

Ben Bolker



Compiled global zooplankton biomass data

Data from: COPEPOD (NOAA, Todd O’Brien); IMOS (Integrated Marine Observing System); Pangaea; data paper by 
McEnnulty et al. (2020); public websites.

Samples included 
(n = 196,941)
Samples excluded (no data in 
Longhurst province >1995)

Time series (standard)
Longhurst province 
boundaries

NOTE: Created “pseudo” 
time series from survey 
data within Longhurst 
provinces



Distribution of variables

n = 196,941 samples

DatasetID (n = 135)
Gear (n = 72)
Time Series (n = 51, standard + “pseudo”)



Generalised linear mixed model (GLMM)
Biomass ~ Year + 
          Method + 
          Mesh + 
          Tow + 
       ns(Depth, df = 3) +  
       harmonic(Time of day, k = 2) +
          ns(Latitude, 2) * harmonic(Day of Year, k = 2) +
   TimeSeries*SST +
   (1 | DatasetID) + 
          (1 | Gear) +
          (1 + Year | TimeSeries)

Error structure: Gamma(link = "log")



Random effects
Gear DatasetID TimeSeries



A global model of zooplankton biomass
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A global decline in zooplankton biomass

Years since 1930
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Year slope = -0.004505 (p=0.036)

cf. Phytoplankton decline 1% yr-1

Equates to a decline of:

exp(-0.004505 ) = 0.9955
                   = 0.45% yr-1



How do zooplankton trends vary by latitude?

Biomass declines

Biomass increases

Term = Fixed effect slope for Year + Random effect of slope for Year for each Time Series 



Is climate change driving the trends?

Zooplankton declines 
with temperature

Zooplankton increases 
with temperature

Term = TimeSeries*SST

Phytoplankton declines 
with temperature

Phytoplankton increases 
with temperature

Boyce et al. (2010)

Our study

Increased stratification 
increases phytoplankton 
production in polar areas but 
decreases it in the tropics



Zooplankton and climate change with CMIP6 
Earth System Models

Tittensor et al. (2021)

Zooplankton increase

Zooplankton decline

Zooplankton increase



Caveats
1. Biases in zooplankton biomass (e.g., includes phytoplankton, 

detritus, interstitial space for settled volume, hides changes in 
functional groups, …).

2. Data gaps (e.g., most of Indian Ocean, Southern Hemisphere, 
tropical ocean, time of day poorly recorded, relatively few recent 
data,…).

3. Ignores non-linear changes.



Take-home messages
1. First observational evidence for a global decline in zooplankton biomass, 

but extensive regional variation.
2. Provides some independent corroboration of the decline observed in 

phytoplankton over last century and decline with climate change of 
zooplankton in Earth System Models.

3. Estimated global decline in zooplankton (0.45% yr-1) slower than 
phytoplankton (1% yr-1), suggesting no trophic amplification. Could be 
because in increasingly oligotrophic ocean, a greater role for gelatinous 
filter-feeders (Jaspers, Everett), rhizaria, and inverse pyramids (Lombard)???

4. Potential implications for fisheries and carbon sequestration.
5. Generalised mixed modelling can be a useful approach to adjust for biases 

in zooplankton sampling and synthesise zooplankton data.



Long after our papers will stop being cited, our 
data – that is collected and made freely available 
– will continue to increase in value.

Thanks to everyone who has made their 
zooplankton biomass data freely available! If you 
have biomass data you would like to include, 
please contact me: anthony.richardson@csiro.au

mailto:anthony.richardson@csiro.au

