Ecology of Phytoplankton Seminar

Photosynthesis and carbon acquisition in phytoplankton

Outline of Chapter 3

This is a big chapter! Everyone feel free to fill in thoughts/concepts we may have missed!

Primary Drivers of photosynthesis: 

H2O + CO2 + photons = 1/6[C6H12O6] + O2, reactivity related to supply of carbon, H2O, photon (light), temperature, and nutrients.

Light:

Visible part of the electromagnetic spectrum w/quanta wavelength b/w 400 and 700 nm.

PAR:

Photosynthetically Active Radiation, corresponds well w/visible light spectrum.

Photons:

Energy varies w/wavelength where:


 ( = h’c/( (h’ as Planck’s constant).

LHCs:

Light harvesting complexes within chlorophyll.

Light harvesting by phytoplankton:

1.) Reactions of PS2 initiated when chlorophyll protein is exposed to light

2.) 1 photon raised P680 electron to excited state orbital

3.) ‘Acceptor chain’ passes electrons to PS1 (P680(P680+ described as one of the most powerful biological oxidations known to science)

4.) Once 2e- transported to PS1, dissociation into a ‘pool’ of plastoquinone, which functions as a capacitor

5.) P680+ reduced back to P680 by stripping e- from H2O (4 photochemical reactions necessary to generate one dioxygen molecule from 2 molecules H2O, 2H2O(4H+ + 4e- + O2)

6.) PS1, chlorophyll-protein complex (P700 w/acceptor A, once again photons excite equivalent # of P700 e-

7.) Electron transfer to ferrodoxin, e- reoxidizes A-, and equivalent # of e- from plastoquinone pool re-reduces P700 molecule\

8.) Electron passed beyond PS1, reduction of NADP to NADHP, powers ‘Calvin –cycle carboxylation (further reaction b/w NADPH and CO2 not dependent on photons

Ideal conditions:

2NADP + 3ADP + 3P + 2H2O + 8e- ( 2NADPH + 3ATP + 3P + 2H+ + O2

Carbon Reduction and Allocation:
-Reducing by NADPH ( carbohydrate

-reluctant flow drives Calvin cycle, CO2 drawn in, glucose discharged

 RUBISCO mediated carboxylation of RuBP yields 3-carbon glycerate (G3P) in C3    photosynthetic carbon fixation (terrestrials use C4), RUBISCO weak catalyst as it undergoes oxygen inhibition and follows other pathways, CO2 based photosynthesis evolved under different atmospheric conditions than today (( partial pressure of CO2, less available)

-Sugar phosphate intermediates, yielding hexose (glucose after reduction of G3P to GA3P, 1 molecule of hexose exported from Calvin cycle for every 5 of GA3P returned) 

Mass-Balance:


CO2 + 2NADPH + 3ATP + 2H+ ( 1/6 C6H12O6 + H2) + 2NADP + 3ADP + 3P

Glucose:

-Respired immediately

-Protein synthesis

-Polymerized into polysaccharides

Quantum Yield of Photosynthesis:

8 photons/ atom of C fixed

Photorespiration Reactions:

Commence from oxygenation of RuBP by RUBISCO, refers to controlled photosynthesis at ( CO2 concentrations

Light dependent O2 production:

Light-dark bottle method adopted as standard in biological limnology and oceanography.

Biomass specific behavior:

-Normalize O2 production to amount of chlorophyll a

P=NP/N (where N is a biomass factor and P is biomass specific rate), see figure 3.3c

-Depth distribution of N affects O2 production vs. depth curve

-Biomass specific respiration rate extrapolated more cautiously, respiration by non-photosynthetic organisms including bacteria and zooplankton not excluded, respiration by phytoplankton not identical in light and dark bottles (rates often higher in light)

-Biomass specific rates more sensitive at low residual light penetrations because of photoinhibition, light limited part of profile most useful for comparing differences in algal performances (removes ‘light factor).

PI curves:

Photosynthesis vs. irradiance curve (pg 105), affected by temp., ( P at ( temps.

Light dependent photosynthetic carbon fixation:

-Radioactive isotope

-Assumed 14C fixed in photo. In same proportion as 12C available at start of exposure to light

-Pmax increases non-linearly as a function of temp., doubling w/10( ( in temp.

-Problems include: carbon starts moving from gross production to net production as more is used in photorespiration or basal respiration, ratio Pn:Pg carbon fixation is in proportion to fraction of gross photosynthate that can be assimilated: (Pg-R)/Pg

Light availability:

-Daily

-Seasonally

-Cloud-cover

-Light reflectance changes throughout the day, ( at low angles of incidence  (early or late in the day, refer to figure 3.7)

-Estimation of coefficient of vertical light attenuation


Iz = I’o * e -(z (pg 109 with accompanying formulas used to characterize daytime changes in underwater light field

-See figure 3.9, depth integrated photo rates throughout the day

-Wavelengths 700nm are 30 times more likely to be absorbed than 400-480nm (see figure 3.10)

-Red wavelengths absorbed in the ocean, more blue/green absorbed in lakes due to humic substances

-Figure 3.13, formula used to determine attenuation over many depths

-Oceans/Crater Lake (Oregon) having lowest coefficient of incident light attenuation

-Light attenuation by algae mediated by size/shape, small species tend to have greater interception properties (figure 3.12)

Phytoplankton adaptations for C-fixation

1.)-( cell-specific light harvesting capacity (LHCs), synthesize more chlorophyll to be splayed on more plastids to intercept photons

-Can adjust chlorophyll content within 50% of average w/in one of two cell generations, fix same amount of C but w/lower photon flux density

-Also can adjust Chl levels ‘downwards,’ lowering Chl due to light saturation

2.) Use accessory pigments widening the wavebands of high absorbances, making up for shortcomings of Chla absorbance alone, include phycobiliproteins, xanthophylls, chromatic adaptation by cyanobacteria

Photosynthetic limits:

a. Light is able to saturate (Iz(Ik)

b. Light is a constraint (Iz(Ik

c. Biomass specific photo. Incapable of compensating biomass specific demands of respiration and maintenance (Iz( Ip=p1)

Euphotic Zone:

Depth reached by 1% of surface irradiance, problem while discussing underwater light availability, species specific (irradiances w/in range could saturate requirements of some while failing to compensate for respiration of others (see 3.15, 3.16)

Secchi Disk:

Distinguishes clear H2O from turbid, mostly used for comparisons due to difficulty in quantitative interpretation of measurements

Adaptation to Mixing:

-Movement within the mixed layer means that phytoplankton is exposed to long periods where light may be limiting, and relatively much shorter periods where light is saturating (when they are near the surface).  

-Under these conditions, algae will increase the amount of chlorophyll a, but not necessarily their accessory pigments.  

-Thus, their goal is to maximize photosynthetic rates during the non-limiting PAR exposure “window” near the surface, rather than realizing a wider spectrum of absorption wavelengths at greater depths.

-The overall effect is that overall biomass-specific energy harvest is raised substantially when compared to that of phytoplankton that are exposed to continuous levels of light saturation (see fig. 3.16, pg. 121)

Photoinhibition-

Continuous exposure to high light levels can lead to: reduced photosynthetic rates and eventually even death.  Cyanobacteria that form surface scums are especially susceptible to photoinhibition.

Mechanisms of Photoprotection:

a. Fluorescence-Facing supersaturating photon fluxes, photons arrive at the LHCs at a rate faster then the LHCs can be reactivated.   This energy is reradiated as fluorescence. Fluorescence measurements can provide information about primary producer biomass, community composition (to phylum), and measure the rate of response of photoprotective measures

a. Avoidance Reactions-motile phytoplankton may migrate downward in the water column to avoid photoinibition.  Different mechanisms have been found to be used for a number of different types of phytoplankton
I. Dinoflagellates-Active locomotion is used in by large flagellated cells.
II. Cyanobacteria-regulation of buoyancy through the use of gas vacuoles.
III. Diatoms-cells have high sinking rates in relation to other phytoplankton.  These cells may be able to increase their sinking rate even further, by removal of the unknown “vital mechanism” discussed by Reynolds in chapter 2 that allows living cells to increase their sinking rate.
b. Plastid Contraction-Phytoplankton cells are too small for plastid relocation to have an effect.  In diatoms however, it has been found that during supersaturating light conditions, a contraction of the chromophores takes place that decreases the cross-sectional area of the cell’s chlorophyll.
c. Protective Pigmentation-changes occur in xanthophylls (accessory pigments).  Different types of these caratenoids occur in different algal groups and they change under different light levels. They protect PSII from excess photons by siphoning energy off as heat.

i. Chlorophytes: zeaxanthin (high light) → violoxanthin (low light)

ii. Dinoflagellates & Chrysophytes: diatoxanthin (high light) → 

diadinoxanthin (low light)

UV Protection: mycrosporin-like amino acids protect cells from damaging radiation.  These have been known to occur in cyanobacterial species, but are believed to be present in other phytoplankton.  These may be especially critical in high mountain lakes where radiation levels are increased.

d. Excretion-When cells are nutrient limited, photosynthate may accumulate much more quickly than it can be utilized for growth.  This excess fixed carbon, as well as free oxidant can cause serious photooxidative damage to the cell.  The excess DOC is thus released into the water.  This in turn has a significant effect on bacterial productivity and overall trophic structure.
Sources of Inorganic Carbon

a. DIC sources in aquatic systems:

I. Chemical weathering of carbonate rocks and soils (usually the most important input

II. Rainwater, both on the lake/ocean and to the catchment

III. Exchange at water/atmosphere interface

-The importance of catchment inputs vs. atmospheric exchange decreases as the size of the water body increases.  Since high photosynthesis increases the rate at which CO2 is taken out of the water, the partial pressure difference between the air and water is greatest at the same time, and the rate of invasion of CO2 from the atmosphere is also highest at this time.

Concentration of Inorganic Carbon
-species of DIC related strongly to pH and alkalinity (see fig 3.17). 

CO2 + H2O ↔ H2CO3 ↔ H+ + HCO3- ↔2H+ + CO32-



       Increasing pH→

-When present, bicarbonate may raise the reserve of DIC by up to 2 orders of magnitude!

Uptake Mechanisms:

-Flick’s law of diffusion (equation 3.19, pg. 127)

-CCM-carbon concentrating mechanisms-ATP mediated cross-membrane transfers of CO2 and HCO3.  They have been shown to increase the concentration of CO2 at site of carboxylation of RUBISCO, by a factor of 40 (Chlamydomonas) and a factor of 4000 (Synechococcus)!

-CCMs limit the chance of carbon limitation for some species, but is energetically expensive, doubling the cost of CO2 fixation.

Side Note: Stable Carbon Isotope Ratios and carbon sources:

Stable carbon isotopes ratios (along with those of other elements such as N), are a very useful tool in food web studies.  An understanding of the δ13C ratios that result from photosynthetic production, and their effects on higher trophic levels, relies on an understanding of the factors involved in that production.  The temperature, and the overall photosynthetic rate has an effect on the δ13C of the produced photosynthate, but so too does use of CCMs and bicarbonate.  This transport of bicarbonate can enrich the δ13C of the resulting DOC by approx. 8‰ (a fairly big change)!  Thus, even if you are studying higher trophic levels, it important to understand what sort of factors are effecting the primary production.

Other carbon sources

Mixotrophy- capacity of some species of phytoplankton to ingest dissolved organic matter (osmotrophy) or bacteria (phagotrophy).  This allows them to supplement low rates of photosynthesis with heterotrophic consumption.  May also be utilized to cope with nutrient limitation. 

Realized vs. Potential Primary Production

-When trying to measure carbon uptake in relation to recruitment of new generations, it is useful to look at longer periods of time which relate to generation times (12-24 hours).

-Longer experiments have flaws however, in that carbon may be recycled or degraded, increasing measurement error.  

-It is thus valuable to integrate results from the “instantaneous production” measured in short term measurements, and extrapolate production over longer periods of time.

-photosynthetic potential can be greatest in oligotrophic systems due to lower attenuation at greater depths.

-greater production in eutrophic systems means that phytoplankton higher in the water column will shade cells at lower depth and decrease the photic zone 

Production at the Global scale

-Remote sensing by satellites offers an increased ability to measure global NPP.

-These methods must be ground tested, and are more complicated compared to remote sensing of terrestrial production, as attenuation with depth must be estimated.

-Satellite estimates of oceanic NPP = approx. 45-40 Pg C a-1.

-Previous estimates, based on summation and extrapolation, are mostly within 50% of this value.

-Overall oceanic NPP is approx. 50% of global NPP.

-1/4 of this production occurs in the shelf waters (1/20th of the total ocean areas).

Capacity

-Only about 1.5% of the energy available for photosynthesis is actually harvested.  Why?

-At supersaturating light intensities, even if LHCs intercept all incoming photons, some may hit centres that are closed and thus inactive.

-Adding more LHCs may only mean that individual sites are activated with less frequency.  

-Investing in LHCs that are underutilized is costly.

-Large crops of algae begin to self-shade, with costs per population increasing linearly, but the total carbon fixed increasing at an exponentially decreasing rate (Fig. 3.18).

-Maximum chlorophyll carrying capacity decreases with mixing, as attenuation of PAR is greater on a per unit volume basis, and thus each cell will have a lower PP:respiration ratio

Primary Production Yield to Food Web

-Creation of new biomass from PP ranges from 95-92% on the high end, to zero, or even negative values, when respiration and other losses exceed PP.  

-Zero gains are possible when nutrient limitation constrains growth.

-Net growth and photosynthetic rate are most closely linked under conditions where nutrients are not limiting, but light is.  Under conditions of nutrient limitation, or when light is saturating, algae might lose recently fixed carbon through enhanced respiration, or excretion of DOC.

Bacteria and Phytoplankton

-Bacterial production, particularly in oligotrophic systems, may exceed that of the phytoplankton.

-Bacterial #s, relative to algal biomass, will decrease with increased nutrients.  

-Heterotrophic bacteria must have an available source of DOC.  This is typically either leakage of recently fixed DOC from phytoplankton or possibly allochthonous DOC inputs.

-Bacteria and algae compete for nutrients and the bacteria wins.  

DHM-dissolved humic matter:

Largely derived from terrestrial plant matter, this form of DOC may constitute some 50-90% of the organic carbon (including organisms) in the pelagic zone of some waters that drain swamps and peatlands.  Its constituent compounds may be quite varied, and quantifying their availability to degradation by bacteria is difficult.   Energy yield to bacteria when decomposing DHM may be quite low. 

a. The relationship between algae and bacteria governs how energy will travel through the food web.  Reynolds describes two possible pathways.  The first is the more classical view:

alga → zooplankton→planktivorous fish→piscivorous fish

This view becomes modified with the consideration of the energy that is transferred from algae to the microbial loop through the leakage of unused DOC.

Algal DOC → bacteria → heterotrophic nanoflagellates → ciliates → zooplankton → planktivorous fish → pisicivorous fish
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