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A. Introduction - general description of purpose

1. Look for evidence that marsh water can inhibit AFA growth

The primary purpose of this work was to provide initial evidence that addition of humic water to lake water would inhibit the growth of AFA. Inhibition could be measured over a wide range of time scales from photosynthetic electron transport (seconds to minutes), gross photosynthesis (minutes to tens of minutes), net photosynthesis (hours), and cell growth (tens of hours to days). Each of these time scales and processes has available techniques; electron transport - Pulse Amplitude Modulated (PAM) Fluorometery, gross photosynthesis - O2 electrode, net photosynthesis - 14C fixation, and population growth - cell counts.

Our hypothesized mechanism for humic inhibition of AFA entails photoreactive dissolved organic compounds causing damage, directly or indirectly, under high light. This starting hypothesis (our best guess at the mechanism with no direct evidence) proposes that the combination of high UV radiation and fresh dissolved organic carbon coming from the marshes would retard the growth of AFA. The proposed inhibition doesn't have to kill the cells but could result in photoinhibition that would slow the growth. The photoinhibition response to light and media conditions can be measured with a PAM fluorometer. PAM fluorometer techniques also allows us to differentiate between photoprotection mechanisms (that decrease photosynthesis to avoid damage to the cell) from photoinhibition (which results in decreases in photosynthesis because of damage to the cell). PAM Fluorometery has been a method of choice in similar studies between allelopathic compounds from macrophytes (Korner and Nicklisch 2002) in part because inhibition of photosynthesis seems to be a common mechanism of allelochemicals (Gross 1999).

 

2. Marsh water characteristics

From previous studies on humic acids in the marshes in the UKL basin we know that there are a wide variety of materials coming out of different types of marshes. We have no au priori basis for choosing any particular marsh type for producing potentially algistatic or algicidal organics. We do, however, have an end constraint in the context of management; only certain types of marshes could be included in the lake in sufficient areas to be a viable strategy. For this reason we focused our exploration of the humic components coming from the major marshes represented in the lake already.

The main features that we needed to know about the water coming out of marshes are the total dissolved organic content, the photoreactivity of that material, and the biological activity. All of these factors are multi-dimensional. For our purposes we would like to have easily measured indicators of amount and reactivity that relate to the inhibitory potentency. For this reason, our analysis of total organic carbon, and absorbance or fluorescence characteristics focused on indices rather than full characterization. For the amount of work that it would take to do a full characterization, we could directly measure biological potency.

 

3. Multiple possible models for marsh water effects

One of the complicating aspects of this type of work is that there are so many possible inhibitory mechanisms. These mechanism could be acting individually or in combinations to produce the net end-effect. Below is a list of mechanisms that have been demonstrated or proposed by others for the effects of humics on algae:

a. inhibition of cell membrane processes

b. indirect inhibition of photosynthesis through the production of hydroxyl-radicals (photo-Fenton reaction)

c. inhibition of alkaline phosphatase and other surface enzymes

d. interference with iron nutrition

e. interference with phosphorus cycling necessary for P nutrition

f. a large number of possible community structure changes associated with organic carbon availability (for example heterotrophic bacteria competing with autotrophic algae for nutrients)

In a complex system, the interactions between these mechanisms would be expected rather than be a surprise. The high reactivity of fresh dissolved organic compounds should allow them to be involved in many reactions. In such a system, the reductionist approach of isolating a single cause is likely to fail. For this reason we designed our experiments to maintain as much of the structure of the original community as possible.

 

B. Methods

1. sampling sites for DOC -

 

2. sampling sites and criteria for AFA

Sometimes it is obvious when AFA populations are unhealthy. Unhealthy conditions usually include a surface scum of AFA, broken colonies, and an earthy smell. These accumulations often occur at the shore or in bays and may be caused as much by hydrodynamic concentration mechanisms as by growth of the AFA. Algae are not collected from these conditions.

After collection of algal samples it is necessary to use the PAM fluorometer to examine their photosynthetic characteristics. Measuring the Fv/Fm ratio and a light curve (ETR vs. light) will immediately tell if the population is healthy enough for subsequent inhibition studies.

 

3. Photosynthesis parameters measured by PAM F

The PAM fluorometer is a very flexible instrument that makes rapid measurements of the fluorescence before and after a saturating light pulse. After at least 5 minutes in the dark, the fluorescence should be at a minimum (called F0) and after a saturating light pulse the fluorescence should be at a maximum (Fm). The difference between these two values is the Fv and is an indicator of the number of photons that were absorbed and utilized in the pre-flash condition. Fv/Fm is a robust measurement of potential photosynthetic efficiency of cells. Because this is a ratio of the almost instantaneous measurement, this parameter is particularly useful when studying flakes of AFA. Individual readings of F0 and Fm may differ because of the geometry of the flakes in the cuvette, but the ratio is very robust.

The PAM fluorometer also has the capacity to expose the cells in the cuvette to a range of light. This is used to generate light curves. The light curve data is reported as ETR (electron transport rate) versus the light exposure. Many studies with different algae and higher plants have shown that ETR is a suitable proxy for short term photosynthesis under non-stressed conditions. In the work here, the light exposures were usually chosen to be light values of 0, 50, 100, 200, 400, 800, 1200 and 2000 uE m^-2 s^-1.

A crucial piece of our hypothesis is that high light exposure in the presence of photo-reactive humics results in irreversible photoinhibition of AFA. A decrease in instantaneous photosynthetic rate could the result of a variety of processes involved in regulation, photoprotection or photoinhibition. Light-dependent depression of photosynthesis through regulation or photoprotective mechanisms will only last less than 10 minutes. Putting the cells in the dark or dim light will restore them to full photosynthetic potential. Our incubations for inhibition follow the cells for about an hour after exposure. The decrease in photosynthesis that persists after an hour is what we call "photoinhibition". Photoinhibition of AFA by humics and light exposure should only be reversible on growth scale processes. This means that a 50% photoinhibition should set the cells back one division time.

 

4. Inhibition and recover studies with AFA

Two protocols were used to explore humic and light exposure. In both protocols lake water containing AFA was mixed with filtered water containing (or not containing) high concentrations of humic material. In the first protocol these mixtures were exposed to artificial light sources that have either only a PAR spectrum or a PAR spectrum plus 8% higher UV light than a sun light. This system is easy to control but, unfortunately the maximum PAR is in the range of 100 uE m^-2 s^-1 and the UVR is only around 5 uE m^-2 s^-1. The second protocol uses natural light for exposure. This allowed us to give PAR dose rates up to around 1600 uE m^-2 s^-1 and UVR doses up to 106 uE m^-2 s^-1. In the future, this second protocol should be modified to provide multiple light levels (using neutral screening), UVA + PAR (using a mylar filter) and just PAR (using a Plexiglas filter).

  

5. Analysis of DOC characteristics

Dissolve organic carbon fraction of the water was analyzed using three methods; spectrophotometer scans from 250 to 700 nm, spectrofluorometer readings at selected combinations of excitation and emission, and total DOC as analyzed in a total carbon analyzer. The analysis and choice of indicator ratios is described in the results section.

The potential to support the photo-Fenton reaction was not studied even though it was originally proposed. The photo-Fenton reaction is just one mechanism that could lead to photodamage and inhibition of the cells. The specific conditions that are necessary for the photo-Fenton reaction to occur (photoreactive humics, dissolved iron and H2O2) may or may not be present in the lake. Instead of studying the photo-Fenton reaction, we studied the more general effect of photoinhibition (using PAM fluorometery) and worked on developing more robust measures of photoreactivity of the humic compounds in the water (such as using the "slope" method described in the results.) These techniques are more directly related to the inhibition of AFA and they can be implemented in the context of either limno-corral work or transects of the lake.

 

6. Pattern of photosynthesis potential in the limno-corrals

The photosynthetic potential of phytoplankton in the limno-corrals was compared to the potential of cells sampled from right outside the bags in the morning and in the afternoon when wind mixing was starting to occur. Duplicate samples from in and out of the bags were run for Fv/Fm and light curves using the PAM fluorometer. 

 

C. Results

1. Inhibition and recovery studies

Two protocols were used to examine the effects of humics and light on AFA. The first protocol used low light doses and resulted in minimal inhibition. The second protocol used 10 to 30 minute exposures to the natural sunlight spectrum and resulted in dramatic inhibition.

An example of the low exposure protocol is given in figure 1"july-27-2004-g.gif". In this experiment fresh colonies from Moore Park Marina were diluted with pure drinking water or filtrate from the Running Y golf course channel. These samples were incubated under the Reptisun8, enhanced UV lamp and measured for photosynthetic characteristics. The marsh water extract inhibited the photosynthetic efficiency of the cells (Fv/Fm) more at the beginning of the incubation than after one hour.

 



Figure 1 "july-27-2004-g.gif". Moore Park colonies mixed with RunningY brown water.
After a 20 minute exposure to a Reptisun8 light source the cells were put in the dark. Each point represent 5 readings on one sample, the point is the mean and the bars show the range (not the standard error). 

 

The second protocol used higher exposures and resulted in dramatic inhibition even in the water that was diluted with low humic content.

Figure 2 ("inhibition-run2.gif"). Inhibition experiment run2, Sept. 02, 2004. Algae were collected from the limno-corral site. The brown water was collected from the canoe dock on the Running Y resort. The samples were exposed to light for 21 minutes from 14:29 to 14:50.. The PAR dose averaged 1609 uE m^-2 s^-1. The UV dose was 106 uE m^-2 s^-1 of UV (UVA and UVB). The non-exposed points are the mean of four readings on a single sample at each time point. The light exposed points represent the mean of two separate samples with four readings on each sample.



The second protocol inhibition experiments all show definite inhibition of cells by light treatment, dilution and mixture with filtered brown water. Without further work, I can't be definitive about the statistical significance of these data however it is clear that the mixture of algae with humic rich water had a detrimental effect. In run 1 (data not shown) the humic mixture "F" had a dramatic and unrecoverable inhibition. In run 2 (Figure 2) all exposed cells had much lower Fv/Fm ratios but the humic addition caused the most severe limitation. In run 3 (data not shown) the humic addition had the lowest average Fv/Fm ratio and, importantly showed the least sign of recovery. In run 3 (and to a lesser extent in the other two runs) the addition of humics had a inhibitory effect even on the samples kept in the dark. This effect may be particularly important in the application of this to real mixing scenarios where the PAR and UV doses would be very small except for at the very top of the water column.

 

2. Comparison of photoinhibition results with different DOM sources

Three sources of humic rich marsh water were used in this study; Wood River Marsh, the canal near the fourth tee on the Running Y golf course and off the canoe dock at the Running Y resort. All of these showed inhibitory impact on AFA. In addition, a commercial barley straw extract was used to inhibit photosynthesis. It is difficult to compare the potency of the individual because the cells were collected at separate times. 

The promising result in this study was that all four sources had some inhibitory effect even though they come from different environments. The Wood River Marsh is a holding area for water that should have very "old" humic rich water. The golf course channel water is a small area that is rich in algae and nutrients. When we sampled the canoe dock, the water was not very brown and didn't have a high microalgae concentration but it was very potent as an inhibitor.

 

3. Analysis of different water sources

Filtrates of the water samples show strong absorption in the near UV. Canoe trail samples show same pattern but just lower values.

 



Figure 3"absorbance.gif". Absorbance of filtrates of Wood River Marsh and Running Y golf course channel.

 

As part of an attempt to chemically characterize the humic content of these samples, I used a rapid screening fluorescent method developed by Marhaba et al. 2000. This method looks for relative peaks in fluorescence that are supposed to correlate to six fractions of acid, neutral, base with hydrophobic and hydrophilic conditions for each.

The results that I obtained from this screening method show that the samples have higher fluorescence in the basic fractions and that acidic hydrophobic fraction does not show a relative peak. This is in contrast to Barber et al.1999 work on the humic fractions in UKL, which all contained a prominent acidic hydrophobic component.

In the tables below, a "+" means a relatively high fluorescence signal and the "-" is the lowest. The absolute fluorescence signals on the Running Y samples were lower than the Wood River Marsh even though the absorbance (see above figure) was higher.

Wood River Marsh

	 
	hydro-
phobic
	hydro-
philic

	Acid
	.
	.

	Base
	+
	+

	Neutral
	.
	-


 

Canoe Trail 1

	 
	hydro-
phobic
	hydro-
philic

	Acid
	.
	+

	Base
	+
	.

	Neutral
	.
	-


 

Running Y golf course channel

	 
	hydro-
phobic
	hydro-
philic

	Acid
	.
	.

	Base
	+
	.

	Neutral
	-
	-


Samples were collected on trips on July 27 and 28 and on August 23. These samples were kept on ice and then refrigerated. About 50 mL was filtered through Whatman GF/A filters using a syringe filtration system.40+ mL was used for TOC analysis and the rest was used for absorbance and fluorescence measurements.

Thirteen samples were analyzed for DOC using a Shimadzu total carbon analyzer. The samples were acidified prior to analysis. For a complete description of the sampling sites and the Lat-Long coordinates please see sampling-sites.html
	#
	Sample site
	date
	comment
	TOC
mg/mL 
	slope*

	1
	Moore Park Marina
	2004.08.23
	 
	26.31
	-0.0133

	2
	Lower Klamath Marsh channel
	2004.08.23
	 
	33.42
	-0.0133

	3
	Running Y Apple Tree
	2004.08.23
	 
	24.05
	-0.0124

	4
	Running Y Golf Course channel
	2004.08.23
	 
	137.10
	-0.0154

	5
	Shoal Water Bay
	2004.08.23
	 
	28.23
	-0.0109

	6
	?Thompson Creek
	2004.08.23
	not sure if this creek leads into Thompson Creek
	26.62
	-0.0147

	7
	Wood River Marsh
	2004.08.23
	 
	52.15
	-0.0140

	8
	Wood River Marsh
	2004.07.27
	looks more muddy than brown
	45.20
	-0.0149

	9
	Canoe Trail 1
	2004.07.27
	from under the Wocus plants
	24.40
	-0.0139

	10
	Canoe Trail 2
	2004.07.27
	from open water in the trail
	24.60
	-0.0141

	11
	Running Y Golf Course 
	2004.07.27
	 
	139.10
	-0.0183

	12
	Barley extract 1/1000
	2004.07.27
	 
	7.39
	-0.0133

	13
	Barley extract 1/100
	2004.07.27
	 
	7.88
	-0.0133

	 
	Running Y canoe dock
	2004.09.01
	afternoon
	 
	 

	 
	Running Y canoe dock
	2004.09.02
	afternoon
	 
	 

	 
	Running Y canoe dock
	2004.09.02
	evening
	 
	 


* The "slope" is calculated as the decrease in the natural log of the absorbance against the wavelength between 250 and 500 nm.

These samples were examined with both spectrophotometer and spectrofluorometer analysis. I was trying to relate the total organic content and the little we know about each of these water sources with absorbance or fluorescence characteristics that have been shown to indicate particular processes. 

The slope of the absorbance curve should indicate the photoreactivity. Lower slopes indicate that relatively less of the higher shorter wavelengths are being absorbed. I found a relationship between the total organic carbon and the slope of the decrease in absorbance (Figure 4a. "slope-vs-toc.gif"). This relationship implies that sources of water with higher organic content would probably contain a smaller proportion of UV absorbing compounds, and thus are likely to be less photoreactive. The highest point (28.23,-.109) is from Shoalwater Bay. The sample came from a was from the outflow of a large marsh area and was highly turbid with mud. The high turbidity could have protected the organics from degradation.

The UV absorbance at 250 nm (Figure 4b) and the fluorescence emission at 450 nm with excitation at 370 nm (Figure 4c) were both related to the dissolved organic carbon. These indicators could be used as rapid estimates for the amount of dissolved organic carbon. We still need a spectral or fluorescence signature that could be used to track or identify active humic water.

 

Figure 4a ("slope-vs-toc.gif"). The slope of the decrease in absorbance with wavelength plotted in relation to the total organic carbon concentrations.



 

Figure 4b ("abs250-vs-DOC.gif"). Absorbance of the filtered water at 250 nm. 



 

Figure 4c ("fluor450-vs-DOC.gif"). Fluorescence for excitation at 350 nm and emission at 470 nm.



 

4. Examination of the photosynthetic competency in the limno-corral

Photosynthesis response curves of light vs. ETR were run on samples collected from inside and outside the limno-corrals. Samples were taken in the morning and in the mid-afternoon just as the wind had built up. The afternoon sample was timed to determine if the AFA in ambient water was more mixed than those in the bags.

Figures 5a and 5b ("in-and-out-morning.gif" and "in-and-out-afternoon.gif"). ETR light curves measured by PAM fluorometery. ETR is related to other photosynthetic measurements such as oxygen production or 14C fixation. All but four points on these graphs represents the mean of two readings on two separate samples taken from either the lake or the limno-corral. There are four points at high light for the "IN" samples for the morning comparison where there are only duplicate readings of individual samples at 800, 1000, 1200, 1500, and 1600 uE m^-2 s^-1. 





These differences in photosynthetic efficiency are minor and could be explained by a small (20%) difference in the cell count. The important result is that the cells in the limno-corrals were healthy and had high photosynthetic efficiencies. This indicates that there was no severe limitation by light or nutrients.

 

 

D. Discussion

All of the evidence collected during this work supports the idea that the AFA population in the Upper Klamath Lake could be reduced by introduction of humic substances from marshes. All of the high organic sources tested (Wood River Marsh, a drainage canal at Running Y, and a constructed marsh at Running Y) had inhibitory effect on AFA. This means that natural marshes, constructed marshes and agricultural field type drainage could be effective components of an overall strategy for lake restoration. 

If in-lake marshes are used as a restoration measure, the complex nature of the problem will require flexible assessment methods. With the investment of more time in experiments, the PAM fluorometer could be a valuable tool for rapid assessment of the inhibition of AFA. Multiple samples can be run quickly on the current PAM fluorometer and there are other PAM fluorometer configurations (such as a fiber optic detector in combination with a microplate reader) that would be ideally suited to the type of monitoring that this project would require. The PAM fluorometer has limitations. In particular it is difficult to compare light curves from one sample to another because of the sensitivity of the PAM fluorometer to the number of flakes and their orientation in the chamber. An attempt at overcoming this limitation by homogenizing the flakes prior to reading showed that the cells would show near normal fluorescence for several minutes and then totally crash. There are alternatives methods for measuring primary productivity that could be considered. The O2 electrode methods would be accurate enough for this project but it would be impossible to scan multiple samples rapidly. 14C fixation is always a regulatory issue in field work and in this case, the changes in photosynthetic rate over the day would complicate this type of analysis. Growth rate estimates from net increases in flakes, filaments and cells should be done on the limno-corrals but can't be used as a rapid screening tool for the short term effect of humic addition.

Continued studies and in particular the transects into natural marshes will require the ability to characterize the humic content and photoreactivity rapidly. Although future studies will probably include concentration of humic samples and more sophisticated analysis of that material, we will still need a field method. There are several absorbance ratios and fluorescence characteristics that have been shown by other investigators to be useful. Some of these were tested here and found to be workable. 

Future work should focus on the effect of humic additions to the lake during the spring. During this time the AFA should be establishing a population and setting the trajectory for either a large bloom or possibly, a greatly reduced population of AFA during the summer. This second trajectory is still highly speculative. We didn't collect any direct evidence that would prove that the population of AFA would stay lower. A demonstration project that uses limno-corrals to examines the effects of humics, light, temperature on the community structure is a crucial next step. 

Our project should also expand its theoretical basis. The current demonstration project is based on a single descriptive model. Although it is important that the results so far have supported our hypothesis, it will be difficult to increase the sophistication and depth of the project without considering multiple models. In particular, we need multiple models for how the humic input to the lake may effect AFA populations. We can generate specific hypotheses from these models and test them against the data. For example, humics may be playing several roles such as direct inhibition of AFA photosynthesis and the indirect effect as a carbon source for competing bacteria. Given the applied nature of the overall project the theoretical development should keep in mind the constraints of possible reconstruction strategies.

 

E. Recommendations for future work

This preliminary study demonstrated the feasibility of the general experimental approach but there are still specific details that need to be worked out during the continuing work. Below I have listed six major points that should be addressed as part of future work.

1.These results are promising but very mixed. The simplest and usually most robust measurement of photosynthetic efficiency (Fv/Fm) did not provide consistent results in these incubations. More detailed examinations of photosynthetic parameters show that the marsh water and UV treatments usually had an effect on non-photosynthetic quenching. The parameters that describe the non-photosynthetic quenching have to be determined in samples that are exposed to ambient light, making this a much more complicated and difficult measurement to make. It would be very interesting if the marsh water effect is to reduce the effectiveness of the cells to deal with photoinhibition. If this is the case, it could have maximum impact during the spring when the water is clearer and colder.

2. The commercial barley straw extract served as a nice comparison treatment. We should consider using this as one of the treatments that we employ in the limno-corrals. 

3. We need to understand how we might modify the method of Marhaba to apply to correlate to the study of Barber. This might require a more sophisticated spectrofluorometer that can perform an entire matrix scan. The new diode array spectrofluorometers can capture all the emissions as it scans through a range of excitation wavelengths.

4. It would be difficult to identify reactive humic waters give the absorbance and fluorescence measurements that I am able to take. Maybe concentrated humics samples (from Mike Perdue) could be used in inhibition tests.

5. The cells in the limno-corrals seem to be as healthy (in terms of photosynthetic response) as the cells in the surrounding lake. The similarity between the corrals and the lake also would indicate that the cells in the bag were not light or nutrient limited. In order to really make the claim it is probably important to make sure that the water in the bag is not exchanging with the water in the lake. We could use a non-toxic conservative tracer in the bags.

6. The work over the last month helped clarify the value of the PAM fluorometer in these studies. It turned out that the dilution and light exposure regimes used were to "heavy handed". More work should be done that explores lower humic contributions (in the range up to 10% of the total rather than 50%) and lower light exposures. Dilutions and light exposures in these ranges are much more realistic for humic inputs during the spring.
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