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1. Light is the major energy input to aquatic ecosystems.  
2. Photosynthesis and metabolism is driven by the amount 

of light energy. 
3. Light plays a dominate role in lakes and a streams with 

respect to aquatic Macrophytes. 
4. Most aquatic Macrophytes exist in the top two meters of 

the water column. 
5. Aquariums possess far more stable light quality and in-

tensity at many time frame references (Daily, season-
ally, seconds, minutes, hours, months) 

6. Most aquariums lack substantial tannins, wind, turbidity  
and other variables present in natural systems. These 
variables reduce light quality and intensity dramatically. 

7. Cool white (4100 Kelvin) fluorescent lights work 
equally well in terms of plant growth as specialty aquar-
ium plant bulbs 

8. High light is not needed for intense coloration. 
9. Lighting units are best described by micro moles/meter 

squared/seconds. Different units measure different 
things with respect to chlorophyll and photosynthetic 
absorption. 

10.  In some algae, carbon is allocated to organic and amino 
acids when blue light is added and only sucrose and glu-
cose when only red light is added.  

11. Stomata open wider when blue light is added, poten-
tially allowing more CO2 into the plant’s leaves. 

12.  Comparison of low light and high light plants (also can 
occur within same plant on upper and lower leaves). 

13.  Lower light plants are more efficient, higher light plants 
can waste more and still grow well. 

14.  Most aquatic plants are low light plants, even the “high 
light” plants.  

15.  Plants can and do alter their pigments to capture light 
energy. Chlorophyll a is just one of the many pigments 
they possess for photosynthesis. 

What target does Tom have 
with his SAM missiles today? 
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So what is a SAM? 

It’s not a missile, but a  
Submersed  

Aquatic 
Macrophyte 

“The productivity and 
internal metabolism 

are driven and 
controlled by energy 
derived directly from 

the solar energy 
utilized in 

photosynthesis. 

 Solar radiation is the major energy source to the aquatic environment. 
The productivity and internal metabolism are driven and controlled by energy 
derived directly from the solar energy utilized in photosynthesis. Water clarity 
in most lakes is controlled by phytoplankton, organic color and both organic 
and inorganic suspended particles (Jones and Bachmann 1978; Canfield and 
Hodgson 1983; Hoyer and Jones 1983). Lakes with low phytoplankton concen-
trations and low color values have high water clarity. As phytoplankton and 
color levels increase, there is a rapid reduction in water clarity, aquatic macro-
phytes become light limited, and the size of the littoral zone can decrease. Sub-
mersed aquatic macrophytes require light for growth, thus light availability is 
often considered the single most critical environmental factor regulating the 
maximum depth of plant growth (Pearsall 1920; Spence 1975; Chambers and 
Kalff 1985). Light availability is directly linked to water clarity (Canfield et al. 
1985; Chambers and Kalff 1985). As water depth increases or water clarity de-
creases both the amount and the spectral quality of light for photosynthesis at 
the lake bottom diminishes. Generally, submersed aquatic macrophytes (SAM) 
will grow to a depth of 2-3 times the Secchi depth (depth at which a black and 
white disk lowered into a lake disappears). Thus, lakes with the majority of 
their bottom exceeding 2-3 times the Secchi depth will have fewer aquatic 
macrophytes. Even shallow lakes, if they are turbid enough, will have sparse 
aquatic plant growth (Engel and Nichols 1994; Nichols and Rogers 1997). 
Where light intensity and water clarity is high, pressure appears to limit angio-
sperms (Brenner 2003, about 10-11 meters) while bryophytes and algae appear 
to only been limited by light in lakes such as Crater Lake and Lake Tahoe in the 
western USA appearing well over 100 meters depth (Richerson 1969, 1970, 
1978). For regulation of growth, these same concepts apply to aquariums as 
the light intensity drives the rates of growth. Aquarium depths are seldom 
over 1 meter. Additionally there are seldom large amounts of tannins and detri-
tal materials in the water column of planted aquariums. Thus there is little to 
influence light relative to the environment which SAMs have adapted to live in.  
Artificial lighting in aquariums is optimized compared to the SAM’s natural 
variable environment.  
 
 Aquariums are extremely stable compared to natural ecosystems. Solar 
radiation varies tremendously on various times scales from yearly and seasonal 
time scales to daily, hourly, minute by minute and even second by second. 
Yearly changes can be due to littoral growth of emergent plants such as Typha 
species, Salix, rainfall and cloud patterns and erosion. Examples of seasonal 
changes can be cloud and rainfall patterns or shorter day length between sum-
mer and winter. Daily changes include angle of incidence and reflectance, ab-
sorption of blue light during the morning by the atmosphere (this is when CO2 
levels are highest) and in the evening as the sun sets. Hourly and minute 
changes include the angle the radiation strikes the leaf, some SAM’s will follow 
and track the sun’s rays (Solar tracking), many will not. Sun flecks cause enor-
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“Another critical 
environmental factor 

that influence light use 
is water 

temperature ...” 

mous changes in the irradiance levels as the flashes of light strike a leaf that in-
terrupts the normal low diffuse radiation background (Bjorkman 1981). Another 
critical environmental factor that influence light use is water temperature which 
varies greatly, especially at the surface of aquatic ecosystems and in many cases 
planted aquariums due to light.  
 
 In the past there have been many studies and manufactures of lighting 
products claiming the output is better for plants and discussing various light 
color temperatures, spectral outputs, intensities, water absorption characteris-
tics, efficiencies, but few articles dealing with the plant’s ability to adapt and  
use the available irradiance for growth. Many aquarist find they can grow 
SAM’s equally well and at similar growth rates using standard cheap cool white 
fluorescent light bulbs as well as the expensive specialty aquarium plant light 
bulbs. A study done by V.A. Helson Canada Department of Agriculture and 
J.W. Bartok and R.A. Ashley showed the relative growth rate (RGR) was the 
same and not significantly different using cool white fluorescent light bulbs ver-
sus the special plant light bulbs. Reviewing this research showed the research 
was well done and thorough, the researchers addressed the assumptions they 
made and supported their conclusions. My own experience showed a wide 
range of lighting systems would work equally. Greatest preference is generally 
given to the aquarist own eye’s of true perceived color rather than to RGR 
measurements and other forms of quantitative measurements.  
  
• So how do SAM’s cope with these wide ranges of problems in their envi-

ronment? 
 
 If you consider lower light shade leaves/plants versus sun leaves/
plants, some interesting comparisons appear. Sun and shade leaves can occur on 
the same plant- we commonly refer to sun as a high light plant and the shade as 
low light plants.  Sometimes plants start off as a sun plant and slowly over the 
course of a season gets shaded and becomes a shade plant.  Lower leaves may 
have characteristics of shade leaves while the tips near the light might have dra-
matically different levels of a variety of traits on the same plant.  These light 
differences also correlated with color and morphological differences, often ex-
pressed as more intense colored growing apical tips or red coloration.  While 
the plants may have more light on the tips, this does not imply that more light 
will yield more coloration or other traits.  Apical growth color and development 
often are independent of light intensity and higher light often produces lower 
nitrate levels due to increased uptake which allows more of the red pigments, 
anthocyanins which lack nitrogen, to show through instead of being masked by 
chlorophyll which has a substantial amount of nitrogen in its structure.  Gener-
ally light levels at 2 watts/gal are sufficient to grow most any SAM in standard 
tank sizes. 
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“All in all, measuring 
light is NOT easy.” 

 Often aquarists are told to add more light to help plant growth. While 
this can be the case is some very low light tanks (1 watt per gallon or less), 
many plants are able to grow at much lower light levels than many books and 
web sites suggest. In order to test this range of light intensities, isolating light to 
account for potential confounding factors such as CO2 limitation or nitrate limi-
tation must be addressed as well. Providing non limiting conditions with respect 
to nutrients and CO2 allows the aquarist to explore the limits of light intensity. 
This is basic science yet many aquarium books provide only recommendations 
of good ranges without having explored them in a critical manner. Using a criti-
cal approach like this is key to testing to investigate whether a statement is true 
or not. Often another aquarist will state they can grow plants just fine under 
these seemingly impossible conditions. This conflict with written advice can 
and has caused much confusion in the past concerning lighting. This focus on 
the method will be repeated again and again so that the reader will be able to 
critically test concepts and questions they might have about SAMs with respect 
to light, nutrients and CO2.   
 
 Light penetration as a function of time after sunrise, full sun is 2150 
μmoles/photons/m²/sec (Van, Haller and Bowes 1976)  

• Arguments about measuring light: 
 
 Irradiance Standards by convention, light flux units should be (micro) 
μmoles (photons)/m²/sec, at least in the context of photosynthesis.  A related 
question is what to call such units, e.g. quantum irradiance, photon flux density 
(PFD), photon flux fluence rate (PFFR) Another consideration is that different 
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“Thus, lux and foot-
candles are of little 

use in plant 
physiology…” 

audiences have different traditions/conventions.  For example, the journal Pho-
tochemistry and Photobiology used to, and may still require energy flux units 
(Watts/sq-m) rather than quantum units.  In any event, lux, foot-candles per 
fortnight, and other antiquated units are out officially, but still appear from 
those who (for financial reasons) only have older instruments. The reason why 
it is difficult (impossible at times) to convert from lux to irradiance (quantum 
flux ) units is that they measure different things. Most (respectable) journals 
now only accept units in uEinsteing/m^2/sec^-1 (or moles quanta/m^2/sec). 
These should of course also be measured only with a sensor active over the 
photosynthetic spectrum i.e. 400-700nm to measure the photosynthetically ac-
tive radiation. The Li-Cor PAR sensors are quite good at this. Other sensors 
have different sensitivities and will give different readings for different light 
sources all of which have different spectra.  
 
 Even fluorescent lights change in spectral emission over time. All in all, 
measuring light is NOT easy. Thus this text will use watts/gal for aquariums 
and relative approximations based on Li-Cor meter readings with standard fluo-
rescent lamps using uEinsteing/m^2/sec^-1 (or moles quanta/m^2/sec) over 
400-700 nm spectral range. When light moves through water such as lakes or 
oceans, it scatters in such a way that its direction of travel is randomized. As a 
result, aquatic photosynthetic organisms can receive light simultaneously from 
above, below, and the sides. In oceanography and limnology, the light that trav-
els from the water surface toward the bottom is called downwelling irradiance, 
and the light that travels in the reverse direction is called upwelling irradiance. 
Before the advent of specialized light meters suitable for plant physiology, light 
was measured in lux or foot-candles. These measurements are based on the 
perception of light by the human eye, which is maximally sensitive to light 
within the green region of the spectrum, at 555 nm. Sensitivity falls off on both 
sides of this wavelength and approaches zero within the blue and red, wave-
length regions that are important for photosynthesis. Thus, lux and foot-candles 
are of little use in plant physiology. These units can be converted to the units of 
irradiance and fluence rate, but only if detailed knowledge about the spectral 
quality of the light is available, something that can be obtained only by use of 
an instrument called a spectroradiometer, which measures the amount of light 
at each wavelength. There have been arguments for using lux for measuring 
aquarium lighting. Given these arguments, this may not be something of use in 
terms of good data support for a light measurement in the context of photosyn-
thesis. Studies on photosynthetic algae, such as Chlorella, have shown that irra-
diation by blue light increases respiratory rates of dark-grown cells, with an ac-
tion spectrum that is typical of specific blue-light responses (Kamiya and Mi-
yachi 1974). These changes in respiratory rates are associated with a drastic 
shift in metabolism, which can also be observed in experiments using blue and 
red light. Red light stimulates photosynthetic carbon fixation in these algae 
when the morning levels of CO2 are high), and the fixed carbon is incorporated 



Continued on page 7 

Light and Photosynthesis Continued 

Page 6 

Barr Report 

into glucose and sucrose. The metabolic shift is observed when low photon fluxes of blue light are added to the 
red-light treatment; glucose and sucrose are no longer synthesized, and the fixed carbon is used in the biosyn-
thesis of organic acids, amino acids, and proteins (during the midday periods). Blue light is also a powerful 
regulator of guard cell metabolism. Guard cells irradiated with red light accumulate sucrose (Talbott and 
Zeiger 1998); if low photon fluxes of blue light are added to the red-light irradiation, sucrose stops accumulat-
ing, and guard cells accumulate K+ and malate2–. Thus, the blue light–stimulated shift to the synthesis of the 
organic acid malate in guard cells parallels the shift to the synthesis of organic acids and amino acids in photo-
synthetic algae (Fig 2). Much of the advice on the web and in aquarium books suggests that blue light reduces 
algae. Given that much of the basic research about photosynthesis used algae as models, and that blue light 
causes a metabolic shift, this research would ironically indicate the opposite or a null effect. The increased size 

of the plant stomatal 
opening is increased 
when blue light is 
added (Assmann et 
al., 1985; Gotow et 
al., 1985; Schroeder, 
1988). This increase 
can help increase 
CO2 flux into the 
plant’s leaf (Not all 
SAM’s possess sto-
mata). 
 
Blue light stimulates 
malate synthesis in 
guard cells. Under 
red light, guard cells 
synthesize glucose 
and sucrose mainly; 
this metabolic path-
way is deactivated 
by blue light, and 
metabolism switches 
to starch degradation 
and malate biosyn-
thesis. (Ogawa et al. 
1978.)  
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Measuring other related units:  
• Chlorophyll levels(Chl a): 
• Light compensation points (LCP): This is the lower end of light that a SAM can exist and survive. This is 

where Photosynthesis= respiration. 
• Light saturation points (LSP) (Adding more light than this will not yield faster growth rates and additional 

light can become photo inhibitory) 
• Quantum yield: Moles of CO2 fixed; O2 produced, or electrons generated in the photosynthetic process per 

mole of light quanta absorbed. 
• Stomatal conductance: Conductance/resistance for diffusion of CO2 or water through stomata. 
• Thlakoids/grana: membrane bound sack within the chloroplast (except in Cyanophyta which possess them 

but do not possess chloroplast) containing photosynthetic pigments and electron-transport chain. 
• Grana: stacks of thylakoids that are resent in chloroplast containing chlorophyll. 
• Rubisco activity: The CO2 fixing enzymatic activity 

 
It should be noted that this is for general plant 
physiology, not specifically aquatic plants, 
these same traits are found in many species in a 
very wide range of niches.  Thus given the 
aquatic environment in littoral zones they are 
reasonable assumptions (From Mahall 2002). 
 
Generally at lower light, plants are more effi-
cient. It is clear from this table that plants can 
and do adapt even on the same plant.  Photoxi-
dation is less a problem, the plant has more time 
to relocate nutrients from old tissue to new tis-
sue or from root to shoot. Leaf area generally 
increases, less nutrients are required to run pho-
tosynthesis, less proteins, enzymes etc to grow. 
The plant can afford to be wasteful at higher 
light, but if things fall below the light compen-
sation point, the plants will die. LCP is where 
the quantum yield is less than respiration. Intake 
of the "plant's food" is less than the energy/
maintenance requirements of the plant. It makes 
sense not to have all this extra photosynthetic 
machinery hanging around if there's not the 
light to run it. It takes a lot more energy to 
maintain all that biological machinery. If the 
plant has only a small efficient photosynthetic 
machine, it won't need to allocate the respira-
tion/photosynthate to maintenance. Growth is 
slower but less wasteful. The effects of light on 
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“It makes sense not to 
have all this extra 

photosynthetic 
machinery hanging 

around if there’s not 
enough light to run 

it…” 

the photosynthetic CO2 fixation rates of Hydrilla verticillata, Ceratophyllum 
demsersum, Myriophyllum spicatum (Adapted from Van, Haller and Bowes 
1976) 

 Figure 3 shows the wide ranges of several common SAMs and shows 
they are essentially low light plants possessing low LCP’s and relatively low LS 
points compared to full sun at 2150 μmoles/photons/m²/sec. Given the SAMs 
ability to adapt and grow more efficiently at lower light (even the fastest grow-
ing aquatic weeds in the world are not high light plants) adding more light is 
seldom the issue for aquarist but rather non limiting CO2 and nutrients.  

 
• Pigments and the light harvesting complex 
 
While there is a great deal of discussion about the adsorption peaks of Chl a and 
light bulb types and output in aquatic plant hobbyists groups, there is less dis-
cussion on the many other pigments that both microphytes and SAM’s possess.  
These pigments trap quanta of light energy and lose energy as heat and fluores-
cence. These include chlorophyll a and b, carotenoids, xanthophylls, and fla-
vonoids. These other pigments allow a much greater range over the spectrum 
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than Chlorophyll alone. SAMs can and do change the concentrations and type of these pigments to suit their 
environment. Algae essentially do the same thing at the single or colonial cell level. Thus changing the spectral 
output does not gain the aquarist an advantage over the algae, it gets back to addressing the SAMs needs. Fur-
thermore, green microphytic algae have the same pigments as the SAMs.  
 
 Carotenoids are found in all photosynthetic organisms except some laboratory mutants (Frank and 
Cogdell 1996). These pigments absorb light in the 400-500nm range and give the pigments their orange col-
oration. Light energy is absorbed and quickly transferred to chlorophylls by carotenoids thus they referred to 
as accessory pigments. These pigments protect the photosystem from excess light by giving off heat and pre-
vention of Oxygen radicals as well as help absorb more light. Xanophylls (A type of carotenoid) participate in 
protection from intense light by giving off heat fluorescence and appears to be present in most SAM’s and mi-
crophytes (Horton et al 1996). Flavinoids are often discussed in context of UV-A and UV-B protection. 
Whether this is the true function is not known, considering the lower light and lack of these spectra in aquari-
ums, this may play a far less role in red color but rather be more suited for antiherbivory and removal of Oxy-
gen radical protection which can be high in the aquatic environment due to slow gas exchange. This web site 
discusses more about these chemicals and the various pathways. http://www.friedli.com/herbs/phytochem/
flavonoids.html  The function for absorption of UV wavelength maybe more to attract pollinators to the flow-
ers and fruit rather than UV protection.      

 In figures 3 and 4 and the loss energy higher than P680 reaction centers is lost to heat. This may 
seem inefficient at first. The lost of the energy is made up for by running the reaction center at peak efficiency, 
essentially focusing all the light captured by this antenna complex and focusing it in to the photo system to 
oxidize water. When light is low, this process can be maximized and enhanced and at high light, it can waste 
energy to prevent damage to P680. By changing the ratio and the type of these accessory pigments, SAMs and 
microphtyes can adjust to a wide range of usable light spectra. Efficiency is not JUST an issue involving engi-
neering and electrical transfer of energy into light in light bulbs, it is also involved with SAM’s and biochemis-
try and their great ability to adapt too many lighting conditions. This is also seen in practical terms in aquari-
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ums when growing SAM’s using cool white fluorescent lamps versus so call plant specific bulbs. There are 
several studies comparing cool white to specialty lights. Relative growth rates differences were insignificant in 
the studies ( V. A. Helson Canada Department of Agriculture J. W. Bartok and R. A. Ashley).        
 
 Much discussion has been done on the lighting and the Chl a absorption spectrum yet neglected the 
plant’s themselves, the other accessory pigment their ability to adapt and change in an ever changing environ-
ment( Table 1). Given a few days to weeks, SAMs and microphytes easily adapt to the given levels and spec-
trum. Electrical cost efficient use of lighting, since it's often the biggest source of electrical usage, is worth 
considering. Better growth, less algae problems, greater flexibility with dosing routines, less pruning and lower 
temperatures would seem a much more prudent choice to focus on. Many suggestions as to adding more light 
are often discussed, yet more light is not better as many new aquarist considering plants often assume. The 
irony is that the aquarist often chose to limit their nutrients or CO2 yet do not give the same consideration to 
lighting. The goal of this section is show that SAM’s (Plants) and microphytes (algae) are well adapted to use 
most any light spectrum and intensity and that in general, most aquatic plants are low light adapted. Plants can 
and do change in the environment to optimize their growth.  
 
Web resource suggestions for review of terms and definitions and concepts: 
 
http://members.misty.com/don/f-spec.html 
http://www.friedli.com/herbs/phytochem/flavonoids.html 
http://www.emc.maricopa.edu/faculty/farabee/BIOBK/BioBookPS.html#Chlorophyll 
http://www.plantphys.net/categories.php?t=t 
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