MARINE PHOTOSYNTHESIS & PRIMARY
PRODUCTION IN THE OCEAN

AN

Roadmap for this class session:

Photosynthesis (refresher) & primary production (some terminology)
PS & PP vs. irradiance relationships (P-I curves)

PS & PP vs. nutrient concentrations (Michaelis-Menten et al.)

PS & PP vs. temperature (Eppley curves)

4 common approaches for measuring primary productivity

Some discussion on Martin et al.1994



Refresher slide photosynthesis: light & dark rxns
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Primary production, productivity are ecological processes

Some very basic definitions:

Primary production — an amount of photosynthate
produced by photosynthesis (e.g., amt of CH,0 )

Primary productivity — a rate of this production (e.g., total
C fixed by photosynthesis, volume-! time")
Gross & Net primary productivity

Net primary productivity = Gross - autotrophic respiration

(as with photosynthesis: net = gross — respiration)



Can quickly get more complicated....

Table 1. Different meanings associated with general terms. Because these general terms can be interpreted
in°‘many different ways, it is essential to be explicit and precise when discussing the factors that might influence
primary production or the growth of phytoplankton.

General term Specific terms Comments (references®)
Primary production Gross primary production Important for understanding light limita-
tion (1)
Net primary production Net rate of synthesis of the organic con-
stituents of plant material in water (2)
New production Net accumulation plus export (3)
Net small particle production Measured in bottle incubations (4, 5)
Net community production Equivalent to new production (4, 6)
Growth Standing crop of phytoplankton Net result of phytoplankton growth; defi-
nitions of biomass differ (7)
Potential standing crop Terminal yield of bioassays (8)
Specific growth rate of phyto- Omits mortality and dispersal (9)
plankton
Net growth rate of phytoplankion Includes mortality and dispersal (10)
Standing crop of plankton or net Includes bacteria and grazers (4)
growth rate of plankton
Control of primary Direct limitation of phytoplankton Blackman concept (11, 12)
production or con- specific growth rate
trol of phytoplank- Limitation of primary standing Liebig-type (3) or a complex response (12)
ton standing cropt crop
Colimitation of rate process e.g. Niand N (13)
Proximate control Direct regulation (14)
Ultimate control Indirect action through links in the eco-

system (12, 14)

* | —Smetacek and Passow 1990; 2—Strickland 1965; 3—Dugdale and Goering 1967; 4—Platt et al. 1984; 5—Siegel et al. 1989; 6—Minas et al.
1986; 7T—Cullen 1982; 8 —Martin and Fitzwater 1988; de Baar et al. 1990; Banse 1990; 9—Lande et al. 1989; 10—Hecky and Kilham 1988; Banse
19914; 11 —Blackman 1905; 12—Thingstad and Sakshaug 1990; 13—Morel et al. 1991; 14—Cullen et al. 1992.

Cullen 1991

t Thingstad and Sakshaug 1990.

“...essential to be explicit and precise...”



Primary production done by phytoplankton

Phytoplankton (& all plants) in unusual situation, that
energetic & material resources come from different
sources (unlike with heterotrophs)

With photosynthesis = fn ( gty of light + nutrients )

With PP = - fn ( gty & distributions of light + nutrients )

Spatial and temporal uncoupling of material & energetic
resources in the ocean is fundamental issue in primary
production & phytoplankton ecology.




Energy: sunlight (E or I)

@ Primary production affected by
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Strong variability: seasonal, latitude, time of day, clouds, etc.
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What about |Ight after it enters Mitchell et al. SIMBIOS protocols

the water column? opaque!é [T
0.14 -
g1 o2t mn@
Seawater affects the light field strongly: E; 0.10 - ~ 460nm
In both intensity and spectral composition g zgg / :
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Red light preferentially absorbed.
Blue light preferentially scattered.
H,O minimum abs = 460 nm.
With depth color shifts bluer.
(loses red first, green later)

SCUBA diver? Color of blood?
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Fig. 3.4. Spectral absorption coefficient of pure water (solid line) and of
pure sea water (dotted line) as a function of wavelength, [drawn from data
compiled in Hale and Querry (1973), Jackson (1975), Smith and Baker
{1981}, and Zoloratev and Demin (1977)]



Evolutionary selection to absorb E(A) = where photons are

E.g., spectral irradiance vs. z

=== |
5| 5 -'|r.

] ¥ |4 | & E = I: :; &
2 § £ 15 "Er £ IS s |25 3
E[x E| iz E|z8= z
8 Rt .| A
| 1 . | | el | ]
.'lfmndz‘d‘vmhi_c
[ ~m ecean. -
oon O dantals
Depth (m e \
0 - e
4 wk
a £ N
15 SEAC
49 fi ':"- \:
50 p X
:lt;-llu ;.
A v
100 1L
(328 fu \
? N

—> Maximum abs of chl ~ 465 nm

0.05— J

0.04} Phyto.plankton
= light

2003 absorption
=0.02
O
<

0.01

0 N | =
400 500 600 700
Wavelength (nm)

L&P Fig. 2.4

Shouldn’t be surprising that chlorophyll a absorption max in the blue.

Accessory pigments fill the abs gap (carotenoids, phycobiliproteins).



Yet, evolved differences in algal pigment complements

Implications for the so-called “paradox of the plankton”?
All species occupying identical, homogenous environments?

Fisheries & Allied Aquacultures Image Gallery



Quantifying photosynthesis-light relationships

Photosynthesis-Irradiance curves: “P-I (or P-E) curves”
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Many models to describe the linear-saturating phase

P = Pl 1 &%/ Prox ) =B/ P
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Purely empirical - semi-analytical =2 fully mechanistic

Laney & Letelier 2009



Generating P vs. I: photosynthetrons, incubators, in situ
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P vs. | curves reflect adaptation (evolutionary) to light

Better at low light Better at high light
(“shade adapted”) > (“sun adapted”)

=
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FIGURE 4.2.9: Schematic P-I curves for various major phytoplankion groups. Based on Parsons
et al. [1984].

Physiological differences in P-E relationship allow niche partitioning. Paradox?



P-E can also indicate acclimation to changes in light

Use curve fitting to
estimate: o i D

"High light acclimated”

= max
o (init slope) &
7
P, (sat level) & bz “ P ] .
5 /i “Low |l9h1‘_ acclimated
= i o 1)
& compare these § -4
:
1vs. 37 E
1vs. 27 S— -
I(1)&(2) 1l 3

LIGHT INTEMSITY

Fic. 30. Three types of P vs [ curves. {1} and (2) shade type algae showing similar I, values
but with higher phoiosyntheuc efficiency 1n (2) than (i) Sun-type community (3} showing Jower
photosynthetic efficiency than (1) or {2} at lower intensity.

Reflecting different investment/structuring of photosynthetic components



Acclimation strategies ®
Broad taxonomic groups exhibit 7T
different photoacclimation strategies. gs
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environment. Light intensity (Klux)
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Effect of nutrients on the P-I relationship

As with light, different processes in the ocean
control availability of nutrients to phytoplankton:

Atmospheric
(e.g. deposition)

Y\
Surface processes
(e.g. diffusion, N,)
Ocean surface A e~ €rrnrnnnnrnnns.
= - - _ _ Terrestrial input
Phytoplankton == 4 | Vertical motion (e.g. river plumes,
- : | (e.g.internal tides, island wakes, etc.)

= | inertial oscillations,
v wind forcing, etc.)

Other sources
(biological, chemical)




Michaelis-Menten kinetics for effect of [nuts] on PS, PP, u

Hyperbolic function with asymptote .,

When p = Ve, Ky =[N] Relates phytoplankton

growth rates to the
P availability of a specific
L meh Mmaxe Tmax Mmax______________. nutrient (or multiple).

Derived from simple
enzyme kinetic model.

Not appropriate for all
nutrients (any?). Not
how it actually “works”
in cells (with active
transporter sites,
multiple limiting steps in
2 p 1 5 p uptake, etc).
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Rate of Uptake, V.., -7{N }-P (mmol m™ hr~")
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FIGURE 4.2.6: Rate of nitrate uptake versus nitrate concentration. Taken from Dring [1982]; original Still , the most Wldely
i . Vi 15 Wl T) and yp(l) = 1. . .
reference is Maclsaac and Dugdale [1969). Vi is Vel T) and yp(1) Used parameterlzatlon.

Sarmiento and Gruber



Effect of nutrient concentration on P-l

(mol Chi}t min-1] P (1mol O cell! mint x 10-10)

2
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I (umol quantam 25 -1)

Fig. 1. Representative curves of cell-specific (A) and

Chl a-specific (B) photosynthesis vs. irradiance for Fe-

replete and Fe-deficient cultures of Phaeodactylum tri-
cornutum.

Greene et al. 1991

Here P, increases with
increasing [Fe]. Any change in
initial slope?

Specific effect depends on
nutrient studied, species, &
experimental treatment.

Are these good fits?
Why lower P at high E & [Fe]?

When might increases in a
nutrient decrease P_ .7



Open-ocean Fe enrichment & primary production
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FIG. 3 Vertical profiles, for the 3 days following fertilization, of primary
production, PP, (A) chlorophyll a concentrations, Chl a, (B) as a function
of time inside and outside the patch. Qutside values are depicted for
YD 299. Primary production was measured using H**CO3 uptake deter-
mined at various light levels, in incubations on board the ship. Chloro-
phyll was determined from filtered and extracted samples as in Fig.
1D. The errors associated with the chlorophyll analyses are generally
<0.02 pg C 17 The depth to which the water column was enriched was
~35 m up to YD 301 (just before subduction). It is in the upper 35 m
that the differences are most pronounced. Productivity and chlorophyll
both converge by 75 m.

FIG. 4 Comparison of vertical profiles of primary production (A) and
chlorophyll a concentrations (B) for stations inside and outside the fertil-
ized patch, and stations upstream (westward) of the Galapagos Islands
and downstream (eastward) of the Galapagos Islands.



Does P or N limit overall production in the ocean?

50—
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Fig. 3.13 A scarter plot from a series of plobal sampling
sections {GEOSECS) of nitrate (NO7 ) vs. phosphate [PDE‘ L
Some phosphate is usually left when nitrate is depleted below
levels detected by standard techniques. {After Tyrrell 1999.)

Miller Ch3

What forms of P, N are available
to phytoplankton in the ocean?

What might be misleading about
this plot?

Lacustrine systems - high P
inputs. What algae thrive in
lakes & why?

< What is the N:P ratio?



(a) Skeletonema Kirk 1994
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The “Eppley curve” of temperature-dependent growth

w Some diatoms
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What causes the
sharp drop-off at
“high” temperatures?
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3+ methods for “measuring” primary productivity (-tion)
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Depth, m.
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How deep should we bother measuring P vs. I?

Euphotic zone: “well-lit"” - near ocean surface
Where net photosynthesis occurs

Assumed to be depth of 1% light level (or 10% light level).
Just say all production happens above that, roughly
proportional to Ep,r(z) except in very near-surface

(why?)

Compute 1% (or 10%) from Ep,r(z) with Beer’s Law:

—kz
| =] Ne k = extinction coefficient (koar)

V4



Continuing source of controversy

Figure 1. Seasonal change of phytoplankton compensation
SHOULD WE CONTINUE TO depth in Danish waters (56°N) for dark (open circles),
0 average (crosses), and bright (filled circles) days on right-
USE THE 1 /0 LIGHT DEPTH hand erdinate and percent of incident PAR on left-hand
CONVENTION FOR ordinate. (Figure 7 in Steemann Nielsen and Hansen,

1961, with permission.)
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Il. Measuring the CO, “in”

Can use the same light-dark bottle approach

“6 H,0 + 6 1“CO, - 6 (“CH,0) + 6 O,

1- Collect samples, filter out grazers (you try...)
2- Incubate in situ after spiking with *C labeled bicarbonate

3- After time T, filter out phytoplankton & acidify
4- Calculate specific radioactivity by scintillation counting

Approximates: Net primary productivity (sum of dissolved and
particulate organic matter plus *C labeled organic
carbon that is respired)

Classic paper: Steemann-Nielsen (1952)
50t year conference proceedings, Wales (2002)



HOT primary-production array: Station ALOHA

“dark” bottles “light” bottles

- - e
g - —
e R e e B S e T

http://hahana.soest.hawaii.edu/hot/




Problems with (but not unique to) “C method:

- “Bottle effect”: phytoplankton photosynthesize differently in a
bottle (e.g. no turbulence)

- Micro- herbivores! (same size classes as phytoplankton)
- Bacterial uptake might differ b/w light and dark bottles

- Assumption that only new photosynthate (with 4C) is respired
during the incubation

- Isotope uptake might differ between species

- Errors in measuring total carbonate

- Trace metal contamination (accidental spikes in Fe, e.g.)
- Cell breakage on filters

- others...



Continuing source of controversy

SHOULD WE CONTINUE
TO MEASURE "“C-UPTAKE
BY PHYTOPLANKTON FOR
ANOTHER 50 YEARS?

Karl Banse, School of Oceanography, Box 357940, L&O Bull. 2002
University of Washington, Seattle, WA 98195-7940 USA;
banse(@ocean.washington.edu

Remember:

Photosynthesis is a complex process, & so is primary production
All methods have associated problems
No economy is easy to quantify (especially physiological ones)

Make sure the method is appropriate to the question of interest



lll. Satellite methods (“ocean color”)

More green - more chl

Convert chl = PriProd

C/mf\Z/)r
cean Team|, GSFC/NASA

« CZCS (1978): Coastal Zone Color Scanner

« SeaWiFS (1997-2011): Sea-viewing Wide Field of view Sensor

« MODIS (1999, 2002): Moderate Resolution Imaging
Spectroradiometer (instrument aboard Terra and Aqua satellites)



Top of the Atmosphere Radiances (L)
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Radiative Transfer Models
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Percentage of Incident Light

Algorithms for chl biomass

Choose some wavelengths, do a fit. “greener” = more chl
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500
Wavelength (nm)

Dependence of Reflectance on Phytoplankton Content

redrawn from Clarke et. al. 1970
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Use chl, PAR, daylength, SST P:O.66R)%t(%)zeucoptD
+4.
to calc primary production - Pe — £(T)

What's this P5,,?

A 7t order polynomial function of
temperature (a fit).

Idea: Use remote sensing SST to
help constrain quantum yields.

Theory: Enzymatic rates, e.g.
carbon fixation, should scale with
temperature.

Problem: Not a clear

T ature (°C) : :
emp;:ra,ﬁow(ski et al, 2001) relationship between SST and @,

even in surface waters alone.



Jonuary 93

Produces
surprisingly
realistic
patterns in
global PP.

January

Behrenfeld, http://marine.rutgers.edu/opp/



