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ABSTRACT 

To determine the factors affecting the distribution and abundance of submersed 

aquatic vegetation (SAV) within Topock Marsh, I measured 4 factors: 1) light availability 

(water depth and turbidity); 2) substrate type (grain size and organic content); 3) sediment 

nutrient availability; and 4) exposure to wave action. 

Multiple regression indicated that turbidity negatively affected the distribution and 

abundance of SAV in Topock Marsh during 1996 and 1997. Principal components 

analysis of sediment data in combination with a manipulative experiment indicated 

substrate type and sediment nutrients may influence SAV. Young shoots of Najas marina 

L. grew taller and had more branches when grown in sediments that had a smaller grain 

size and relatively higher amounts of NH4-N and soluble K. 

If the main objective of the refuge is to provide waterfowl foraging habitat, careful 

manipulation of water levels may be necessary to adequately promote the growth of SAV 

in Topock Marsh. 
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INTRODUCTION 

Submersed aquatic vegetation (SAV) is an important component in aquatic 

systems. It provides food for herbivores such as waterfowl, small mammals and 

invertebrates, detrital material for detrivores, and particulate and dissolved organic 

compounds for microorganisms (Thayer et al. 1984, Carpenter et al. 1985, Carpenter and 

Lodge 1986, Engel 1990). It also provides refuge for small fish, and serves as a nursery 

for many fish and invertebrate species (Savino and Stein 1982, Werner et al. 1983, 

Killgore et al. 1989, Gotceitas 1990a, Gotceitas 1990b, Gotceitas and Colgan 1990, 

Dionne and Folt 1991). Submersed aquatic vegetation can also be used as an indicator of 

water quality; light, depth, water transparency, and nutrient availability influence its 

distribution and composition (Canfield et al. 1985, van der Bijl et al. 1989, Dennison et al. 

1993, Adair et al. 1994). Therefore, a change in distribution, abundance, and composition 

of SAV can indicate changes in water chemistry and water quality, as well as changes in 

the biota. 

There are four factors that play an important role in the distribution and abundance 

of SAV within a wetland: available light, substrate type, nutrient availability, and 

exposure. Available light is often the most important factor, controlling the distribution, 

abundance, growth, and survival of plants, as well as their morphology and physiological 

adaptations (Anderson 1978, Agami et al. 1980, Barko and Smart 1981, Spence 1981, 

Canfield et al. 1985, Machena and Kautsky 1988, van der Bijl et al. 1989, Sand-Jensen 

and Madsen 1991, Dennison et al. 1993, Hopson and Zimba 1993, Kahl 1993, Adair et al. 
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1994). Light attenuation, and therefore light availability, within the water column can be a 

function of both depth and turbidity. 

Substrate type, as a function of grain size and organic content, afiferts which 

species of SAV are able to establish (Anderson 1978, Pip 1979, Keddy 1982, Barko and 

Smart 1983, Wilson and Keddy 1985, Anderson and Kalfif 1986, Barko and Smart 1986, 

Kahl 1993, Adair et al. 1994). In some situations, the physical properties of sediments 

may influence SAV more than the chemical composition of the substrate (Sculthorpe, 

1967), although concentrations of nutrients can be associated with grain size and organic 

matter within aquatic sediments (Barko and Smart 1986). 

Nutrient availability is an important factor in SAV productivity (Anderson 1978, 

Barko and Smart 1980, Barko and Smart 1981, Anderson and Kalfif 1986, Barko and 

Smart 1986, van Wijk 1989, Engel 1990, Krause and King 1994), although there is 

continuing debate as to whether SAV obtains most of its nutrients through its roots or its 

leaves and stems (Sculthorpe 1967, Spence 1967). Denny (1972) demonstrated that the 

root/shoot nutrient absorption ratio is likely to vary between species, and is correlated 

with such factors as submergence, direct substrate effect, simplicity of species anatomy, 

root/shoot ratio on poor substrate, and vascular differentiation. The important nutrients 

for SAV growth and reproduction are nitrogen and phosphorus, which are taken up by 

plants as ammonium-nitrogen (NH^-N), nitrate-nitrogen (NOj-N), and orthophosphate 

(PO4) (Denny 1972, Toetz 1974, Huebert and Gorham 1983, Engel 1990, Cole 1994). 

Potassium can also be an important element for plant growth, but because of the process 
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through which it is generated (weathering of parent rock; Brady 1974), it may exist in 

concentrations high enough that it does not limit plant growth (Anderson and Kalff 1988). 

Exposure, defined as disturbance due to wave action, is important because it can 

affect grain size of the substrate, and turbidity within the water colunm, as well as disturb 

plants and prevent SAV establishment (Anderson 1978, Keddy 1982, Wilson and Keddy 

1985, Wilson and Keddy 1986, Kautsky 1987, Day et al. 1988). Exposure is a function of 

the predominant wind speed and direction, and the distance to the nearest wind barrier. 

Historical abundance and distribution of submersed aquatic vegetation in Topock Marsh 

Within Topock Marsh, SAV was historically dominated by Najas marina L., 

although Potamogeton pectinatus L. was sometimes present at significant levels (Annual 

Reports, Havasu NWR, 1940-92). Najas marina L. was the dominant plant during my 

study, and my research focused on determining the factors that influenced growth, 

distribution, and establishment. Qualitative refuge records fi"om the 1940's to the present 

indicate that K marina L. has varied spatially and temporally within Topock Marsh. 

Possible causes of this variation include; (1) high winds causing high turbidity; (2) high 

water preventing plant establishment; and (3) carp disturbing the germinating plants 

(Annual Reports, Havasu NWR, 1940-92). However, no quantitative studies on the 

factors influencing the distribution and abundance of SAV within the marsh had been 

conducted prior to this project. 

Najas marina L. 

Najas marina L. has been documented as a food source or foraging habitat for 

both waterfowl and fish (Martin et al. 1951, Mitzner 1978, Agami and Waisel 1986, 
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Agami and Waisel 1988). It is a dioecious annual aquatic plant that exists primarily in 

fresh to slightly brackish waters (Haynes 1979, Agami et al. 1984, Stuckey 1985, Agami 

et al. 1986), and can be found worldwide in warm and temperate regions (Haynes 1979, 

van Vierssen et al. 1984, Agami and Waisel 1986). Najas marina L. has been studied in 

Israel (Agami et al. 1980, Agami and Waisel 1985, Agami et al. 1986), India 

(Vijayaraghavan and Kapoor 1985), The Netherlands (van Vierssen 1982), Spain 

(Martinez-Tabemer and Moya 1993), Australia (Royle and King 1991), and the United 

States (Stuckey 1985). Germination of N. marina L. is favored by reducing conditions 

(Forsberg 1965), and it has low-light compensation and photosynthetic saturation points, 

making it physiologically well-adapted to low-light conditions (Agami et al. 1980). 
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STUDY OBJECTIVE 

Within Topock Marsh, N. marina L. provides a source of food for migrating 

waterfowl during summer, fall, and winter. Therefore, refuge managers need to 

understand the relationship between the SAV within Topock Marsh and the environmental 

factors that may contribute to its distribution and abundance in order to manage the refuge 

as stopover habitat for migrating waterfowl. 

The goal of this research was to determine the factors that affect the distribution 

and abundance of submersed aquatic vegetation within Topock Marsh by measuring the 

peak biomass of N. marina L. in conjunction with four parameters identified by other 

investigators as influencing growth of SAV: 1) light availability as a function of water 

depth and turbidity; 2) substrate type as defined by grain size and organic content; 3) 

nutrient availability within the sediments; and 4) exposure to wave action as a function of 

the distance to the nearest wind barrier. 
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SITE DESCRIPTION 

Topock Marsh 

Topock Marsh is an impounded desert wetland located on Havasu National 

Wildlife Refuge (NWR) in northwestern Arizona (Figure 1). It is one of the backwaters 

on the Lower Colorado River system, and is part of the Sonoran and Mohave Desert 

ecosystems. The emergent marsh and enclosed open waters support a sport fishery for 

several species of game fisK, nesting habitat for avifauna including the endangered Yuma 

clapper rail (Anderson and Ohmart 1985, Conway et al. 1993) and Clark's and Western 

grebes (personal observation), and stopover habitat for numerous species of migratory 

birds (personal observation). 

Historic records indicate that Topock Marsh was perennial, although annual water 

levels fluctuated greatly (Annual Reports, Havasu NWR, 1940-92). Several years of very 

low water levels in the marsh prompted the construction of a dike in 1965 at the southern 

end of the marsh to maintain higher water levels (Annual Reports, Havasu NWR, 1961-

1965). The following year, an inlet canal was completed at the north end of the marsh. 

Two more inlet structures were built in 1967 and 1968 to improve water circulation 

(Annual Reports, Havasu NWR, 1966-1968). 

Today, Topock Marsh is approximately 16 km long and 3 km wide at its widest 

point. The eastern edge of the marsh is comprised of sand dunes, and softstem bulrush 

{Scirpus validus Vahl) and cattail (Typha latifolia L.) wetland, whereas the western edge 

is comprised of a more extensive and complex bulrush and cattail wetland system, with 

numerous chaimels cutting through the emergent vegetation. Many of the open-water 
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portions of the marsh contain sizable stands of dead trees (mesquite, cottonwood, and 

willow) caused by inundation of the historical floodplain. Annual evaporation rates along 

the lower Colorado River exceed 2.7 meters in some areas (Anonymous 1994), whereas 

precipitation only contributes 7-13 cm annually. Therefore, Topock Marsh receives 

ahnost all of its water from the Colorado River under an allocation from the Bureau of 

Reclamation. The extreme excess of evaporation over precipitation is reflected in the 

conductivity values within the open waters of Topock Marsh. Water entering at the North 

Dike inlet canal averages approximately 1100 usiemens/cm^, but increases approximately 

1.5 times by the time it reaches the South Dike (Brad Guay, School of Renewable Natural 

Resources, University of Arizona, Tucson, AZ, pers. comm.). 

Topock Marsh is dominated by one species of SAV, M. marina L., with small 

patches of Potamogeton pectinatus L. and Chora sp. Val. scattered throughout (personal 

observation). Najas marina L. within the marsh begins to emerge in late spring or early 

summer, although emergence is sometimes delayed until late summer to early fall (Annual 

Reports, Havasu NWR, 1940-92). Peak standing crop generally occurs between July and 

October, after which the macrophytes begin to senesce. Senescence continues throughout 

the winter (personal observation; Annual Reports, Havasu NWR, 1940-92). 

Water level management 

Water level management at Topock Marsh is designed to provide "...refiige and 

breeding ground for migratory birds 2uid other wildlife" (USFWS Lower Colorado River 

NWRs Comprehensive Management Plan and Environmental Assessment 1994). The goal 

of controlling water flows and levels within the marsh is to provide for optimum growth of 
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emergent and submergent vegetation which provide food and habitat for marsh-dwelling 

wildlife and fish species (Marsh and Water Management Plan, Havasu NWR 1987). The 

water management plan is as follows; 

1. Keep water diversion within legal limits (41,839 acre-feet diverted fi^om the 
mainstream or 37,339 acre-feet consumptive use, whichever is less). 

2. No Colorado River water diversions during the winter months (January-
February) except to maintain Pintail Slough. 

3. After March 1 increase marsh elevation as rapidly as possible to approximately 
a 456.25' MSL elevation. 

4. Maintain a +/- 456.25' MSL elevation throughout the summer/fall period. 
5. In late October draw marsh down as rapidly as possible to a +/- 455.00' MSL 

elevation and maintain this elevation through mid-December. (The marsh is 
lowered in this manner to make submergent aquatic vegetation available for 
fall/winter migrating waterfowl.) 

6. In mid-December if water allotment permits, raise to +/- 455 .50' MSL to 
sustain at least 455.00' MSL elevation throughout January and February. 

7. Close diversion gates (Inlet Canal) on December 31. 

For several years prior to 1996, water levels in the Colorado River were low 

enough that achieving the 456.25' MSL elevation was difficult, and the outlet structure 

located at the South Dike was kept closed. During this time, there were occasional 

periods of poor water quality (i.e. algal blooms) on the marsh (Greg Wolff, Refuge 

Manager, Havasu NWR, Needles, CA, pers. comm.). Beginning in 1996, water levels in 

the Colorado River have been high enough that the 456.25' MSL elevation of the marsh 

has been achieved during early spring, allowing water to be released fi-om the outlet 

structure. Also since 1996, water quality has improved, with no apparent algal blooms 

occurring in the meirsh (Greg Wolff, Refuge Manager, Havasu NWR, Needles, CA, pers. 

comm.). 
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METHODS 

Observational Study 

I sampled 6 sites throughout the marsh that seemed to be geomorphologically 

distinctive and yet representative of the open water portions of the larger marsh complex: 

Upper Neck (UN), Upper Goose Lake (UGL), Willow Lake (WL), Beal Channels (C), 

Narrows (N), and the South Dike area (SD; Figure 2). Depth measurements, turbidity 

readings, light profiles, sediment samples, and plant biomass samples were collected at all 

6 sites, and wind exposure was determined &om climatic data and aerial photos. 

Submersed aquatic vegetation biomass 

I used two methods to sample plant biomass: a remote technique from the boat 

using an Eckman dredge with a 256 cm^ sampling area, and a technique requiring SCUBA 

using a 2.5-gallon bucket with the bottom removed. This bucket sampler had a sampling 

area of 471.4 cm^. The bucket had a mesh bag attached to the top to contain the plants. I 

conducted a small study prior to collecting samples to determine if the two methods would 

give equivalent estimates of plant biomass. In areas where plant biomass was sparse 

enough that sediment as well as plant material was collected in the dredge, I found no 

significant difference between the two methods (n=lO, t=-0.07, P=0.95). However, in 

areas where plant biomass was dense enough to entirely fill the dredge and no sediment 

was collected, the bucket sampler collected significantly more plant biomass (n=lO, 

t=5.26, P=0.001). Therefore, I used the presence or absence of sediment when collected 

by the dredge as the factor to determine the appropriate sampling method: if sediment was 
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present, the dredge was assumed to be adequate for sampling, whereas if sediment was 

not present, the bucket sampler was used. 

Sampling of plant biomass during 1996 was concentrated during peak standing 

crop (July-August) within two bays that consistently seemed to support populations of 

SAV from year to year, UGL and WL (Annual Reports, Havasu NWR, 1940-92). Within 

UGL, I collected 196 samples from locations systematically placed along stratified random 

transects using the bucket sampler. Within WL, plant density was sparse enough to use 

the dredge, and 99 samples were collected in a similar fashion as in UGL. At each of the 

other four sites, I sampled systematically along random transects, collecting 28 samples in 

UN, 21 in N, and 33 in SD using the dredge. In C, the plants were tall enough that I 

collected 21 samples using the bucket sampler. Each sample was cleaned of debris, spun 

20 times within a mesh bag to remove excess water (Duivenvoorden 1987), and weighed 

to the nearest 0.5 gram. Ninety-six samples of SAV were dried at 50 °C for 24 hours to 

determine a factor for converting damp biomass to dry mass. 

In 1997, peak biomass did not occur until late August-October, and overall aquatic 

plant biomass throughout the marsh was less than in 1996. Therefore, I reduced the 

sampling regime, and collected only 75 samples in UGL and 77 samples in WL during late 

August using the dredge. One exception was made in UGL where plant density was great 

enough that the bucket sampler was used. I also used the dredge to collect 20 samples in 

both UN and N, and 19 in SD. The bucket sampler was used to collect 16 samples in C. 

All samples were processed as in 1996, and 42 samples were dried and weighed. 



21 

Light available to submersed aquatic vegetation 

Dgpih 

Prior to collection of S AV biomass, depth measurements were made at each plant 

sampling location using a sounding line or a PVC pipe delineated in centimeters. From 

January - June 1996, average water level for the entire marsh in reference to elevation 

above mean sea level (MSL) was determined from sporadic records collected each month 

at the outlet structure located at SD. Begiiming in July 1996, the average water level 

above MSL for each month was compiled from digital records collected every 15 minutes 

at a gauge at SD. 

Turbiditv 

In 1996, turbidity readings were taken in nephelometric turbidity units (NTUs) 

using a Hach portable turbidimeter Model 21 OOP at each of the 6 sites from July through 

August. In UGL, turbidity readings were taken at each sample location. At all other sites, 

turbidity readings were taken randomly. In 1997, turbidity readings were taken randomly 

at each of the 6 sites from June through August. 

Light reaching thg sedimgnt swrfacg 

Photosynthetically active radiation (PAR) was measured at each site using a LI-

COR LI-250 Light Meter with a LI-192SA Spherical Quantum Sensor 4 times during July 

and August of 1997. Levels of light were averaged over 15 seconds 20 cm above the 

substrate surface (due to the design of the device holding the light sensor, readings could 

not be taken at the bottom). 
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Substrate type and sediment nutrient content 

Najas marina L. is an unusual aquatic plant in that the roots comprise almost 30% 

of the plant dry weight. Therefore, N. marina L. is more similar to terrestrial plants than 

to other aquatic macrophytes (Waisel et al. 1982, Waisel and Agami 1983). Waisel and 

Agami (1983) demonstrated that whether or not roots play an important role in the 

nutrition or metabolism of N. marina L. depends upon the environmental conditions; 

namely, when plants of Najas developed with their roots in the soil, the roots were active 

and their removal inhibited shoot growth. Because N. marina L. develops in Topock 

Marsh as a rooted aquatic plant, I determined that nutrients available within the sediments 

were more important than those in the water column, and analyzed only sediment nutrient 

content. 

During March 1997, I collected 31 sediment samples from the 6 sites using an 

Eckman dredge. I collected 7 samples in each of UGL, WL, and C; 3 samples in both UN 

and N; and 4 samples in SD. The samples were collected randomly from within each area 

of the marsh; however, sampling was stratified to reflect different sediments that were in 

the middle of a bay, <5 m away from a stand of submerged mesquite, or <5 m away from 

a bulrush and cattail stand. 

All lab work was subcontracted to the Soil, Water, and Plant Analysis Laboratory 

at the University of Arizona. For each sample, particle size distribution (percent sand, silt, 

and clay) was determined using a hydrometer. Organic content was determined by loss on 

ignition in a muffle furnace for 4 hours at 550 °C. Nitrogen content of the sediment was 

measured in the forms of NH4-N, NO2, and NOj, and phosphorus as PO4. NH4-N was 
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extracted using the sodium salicylate-nitroprusside and hypochloride colorimetric 

procedure and analyzed on a Hitachi U-2000 UV-VIS double beam spectrophotometer 

(two samples were partially dried before extraction, and therefore were discarded). NO,, 

NOj, and PO4 were measured on a Dionex Model 2320i ion chromatograph from a 1:2 

fixed ratio soil + water extraction. Soluble K was measured on a Leeman PS 1000-UV 

inductively coupled plasma emission spectrophotometer from an acid digestion. All 

procedures followed by the lab are compiled in the Manual of Operating Procedures for 

the Analysis of Selected Soil, Water, Plant Tissue and Wastes Chemical and Physical 

Parameters (Artiola unpublished document 1989), and are based on factory and EPA 

guidelines (Appendix 1). 

Additionally, in July 1997 I conducted an experiment to determine if using the 

dredge to collect sediment samples gave different results than using a coring device. I 

collected 3 samples using the dredge and 3 samples using a coring device in both UGL and 

WL. From the cores, I took samples of the upper 3 cm and samples from 7-10 cm (a total 

of 6 samples). Each sample was tested for organic content, NH4-N, NO,, NO3, and PO4 

using the methods described above; the extraction of PO4 was done incorrectly, and these 

data were unusable. As previously, all tests were subcontracted to the Soil, Water and 

Plant Analysis Laboratory at the University of Arizona. The results of this experiment 

showed there was no significant difference in the amount of NH4-N, NO2, and NO3 in 

sediments collected by either method (NH4-N: n=18, F=1.9I, P=0.18; NOj; n=18, F=0.24, 

P=0.79; NO3: n=18, F=0.I9, P=0.83). 
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Wind exposure 

I determined the dominant wind speed and direction for June, July, and August of 

1996 and 1997 in Topock Marsh using wind data gathered from the Remote Automatic 

Weather Station (RAWS) run by the Desert Research Institute located approximately mid-

marsh on the west side. I then measured the distance (nearest 25 m) from the center of 

each site to the nearest Typha/Scirpus island or shoreline in the direction of the dominant 

wind. Distance calculations were made from examination of 1996 aerial photos. 

Experimental Study 

I developed an experiment to determine the effects of turbidity, water depth, and 

sediment "quality" (grain size, organic content, nutrient content) on plant biomass. The 

original design involved conducting the experiment in UGL and WL, where observational 

sampling had shown significant differences in S AV biomass, available light, and sediment 

grain size. However, due to high winds and wave action during the course of the 

experiment, all experimental plants in WL were damaged, as were the plants in UGL 

placed on a platform in the water column. Only the experimental units on the substrate in 

UGL were undamaged. Thus the experiment was effectively reduced to a one-way 

ANOVA with the factor of interest being sediment "quality." 

The experimental unit consisted of a covered plastic one-gallon bucket containing 

sediment from either UGL (smaller grain size, higher nutrient content) or WL (larger grain 

size, lower nutrient content). Nine holes were drilled in the lid of each bucket, and a 

single branch of N. marina L. with 1 or 2 intact roots was planted in each hole. The 

plants were collected from an area north of UGL, and randomly assigned to each 
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experimental unit. The buckets were placed on the bottom of UGL, where I assumed 

available light and exposure was the same for each unit. The sediments used in the 

experiment were collected with an Eckman dredge from an area in each bay where 

previous samples were gathered and analyzed, so that the grain size, organic content, and 

nutrient content of the experimental sediments were known. 

The height of each plant and the number of branches of each plant in each 

experimental unit was measured initially on 13 August 1997, and was measured again on 

22 August and 7 September 1997. In all cases, mean values for each bucket (the 

experimental unit) were used in statistical analyses. 

Data Analysis 

Observational study 

Plant biomass 

Najas marina L. dominated the marsh (see results), and my analyses focused on 

this plant. Because these data were not normally distributed and displayed heterogeneity 

of variances, I transformed the data for N. marina L. biomass using the averaged rank 

transformation (Conover and Iman 1981), and combined measurements from each study 

site to compare overall biomass in the marsh between 1996 and 1997 using a one-way 

ANOVA. To compare biomass at each site within each year, I used a one-way ANOVA 

for each of 1996 and 1997, and used the Tukey-Kramer HSD post hoc test to determine 

differences between sites. To determine differences between years at each site, I used 

Student's t-test. 
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Light available to submersed aquatic vegetation 

Water depth. The data for water depth exhibited similar characteristics as the data 

for plant biomass. Therefore, I transformed the data using the averaged rank 

transformation, and used the same statistical tests as for plant biomass (above). 

Turbidity: I transformed the data for turbidity using the averaged rank 

transformation, and used the same statistical tests as for plant biomass (above). 

Light reaching the sediment surface: I compared photosynthetically active 

radiation (PAR) 20 cm from the bottom at all sites using a one-way ANOVA and the 

Tukey-Kramer HSD post hoc test. 

Multiple regression model 

To determine the factors that affect plant biomass over time, I used the variables 

for which I collected 2 years of data and likely were variable from year to year; water 

depth, turbidity, and wind exposure. I used the mean values for each year for each factor 

(water depth, turbidity, monthly wind exposure) as the independent variables, and the 

natural log of the means for SAV biomass as the dependent variable. I then used stepwise 

multiple regression (Zar 1996) to determine the factors that significantly affected SAV 

biomass spatially and temporally within the marsh at a=0.10. 

Substrate type and .sediment nutrient content 

The data for sediment characteristics were not normally distributed, and did not 

improve with transformation. Therefore, I used univariate graphs in conjunction with 

principal components analysis (PCA) to determine patterns of variation in sediment 

characteristics in Topock Marsh. I discarded the variable NOj because almost all of the 
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samples were below the limit of detection (<0.30 ppm). I used PCA on both transformed 

and untransformed data, which resulted in almost identical ordination plots. Therefore, I 

used PCA on untransformed data for ease in interpretation. 

Experimental study 

Naias marina L. growth 

I measured differences in plant height and branching between 13 August and 22 

August (Time Period 1) and 22 August and 7 September (Time Period 2). I transformed 

the data for plant branching during Time Period 2 using the natural log transform to 

normalize the data from this time (Bartlett 1947). I then used Student's t-test to 

determine differences in height and branching in plants grown in sediments from either 

UGL or WL. 
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RESULTS 

Observational Study 

Submersed aquatic vegetation biomass 

Najas marina L. biomass differed spatially and temporally within Topock Marsh 

during 1996 and 1997 (Table 1). There was more biomass (P<0.001) in 1996 than in 

1997 (2269.1 damp g/m^ vs. 126.9 damp g/m", respectively; Table 2). Additionally, the 

pattern of SAV abundance within the marsh differed between sites. In 1996, the greatest 

biomass of plants was found in UGL and C, whereas the least amount was found in UN 

and SD. Willow Lake and N contained an intermediate amount of SAV, relative to the 

other sites within the marsh. In 1997, the pattern changed. SAV biomass dropped 

significantly at 5 of the 6 sites (UGL, WL, C, N, and SD), with the most dramatic 

reduction occurring in UGL where plant biomass fell almost 99%. During this season, 

only C contained a relatively high quantity of SAV biomass, whereas all of the other sites 

contained relatively little plant biomass (Table 2). 

Damp biomass vs. drv biomass 

Simple linear regression of N. marina L. dry biomass on damp biomass yielded an 

adjusted value of 0.87 (F Ratio = 2524.1, P < 0.001) with the following equation; 

dry g/m^ = 1.91 + 0.103 (damp g/m^) 

Light available to submersed aquatic vegetation 

Water depth 

Water depth in Topock marsh differed between bays in both years, although there 

was no difference (P=0.18) between overall water depth in the marsh fi-om 1996 to 1997 
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Table 1. Summary of the results of ANOVA for K marina L. biomass (damp g/m~) in 
Topock Marsh, Havasu National Wildlife Refuge (Lower Colorado River) during 1996 
and 1997. F Ratio=F Ratio for given effect, DF=degrees of freedom associated with F, 
P=level of significance of F. 

Effect F Ratio DF P 

Bay 104.19 5 <0.001 

Year 319.54 I <0.001 

Bay X Year 95.62 5 <0.001 

Table 2. Biomass of N. marina L. (damp g/m^) for each site in Topock Marsh, Havasu 
National Wildlife Refuge (Lower Colorado River) during 1996 and 1997. Values are 
mean ± I SE. Within a colunrm, values with the same lowercase letter do not differ 
(P>0.05). Within a row, values with the same number do not differ (P>0.05). 

Site 

Najas marina biomass (damp g/m~) 

Site 1996 1997 

Upper Neck 14.5 ± 10.7'* 21.9 ± 16.4" 

Upper Goose Lake 4119.0 ± 100.9'^ 50.2 ±31.0"-

Willow Lake 348.5 ± 38.2'* 44.5 ± 22.8" 

Channels 1971.8 ±266.5" 1247.6 ±305.4'^ 

Narrows 616.6 ±213.6'' 56.4 ± 56.4" 

South Dike 197.1 ±52.0*" 4.9 ± 4.9" 

Grand Mean 2269.1 ± 107.7' 126.9 ±32.4-
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based on random measurements taken at each plant sample location (Table 3). However, 

according to these random measurements, different sites within the marsh did vary 

between 1996 and 1997 (Bay x Year effect in Table 3). Water depth in Topock Marsh is 

uniformly shallow. Four of the 6 sites were <2 m, the other 2 were <2.5 m. In 1996, the 

deepest areas of the marsh were in N and SD, followed by UN and C, while the shallowest 

areas of the marsh were in WL and UGL. In 1997, the pattern of water depth changed 

slightly. The South Dike area, N, and UN were the deepest sites, and WL and UGL were 

the shallowest sites. The Channels had an intermediate depth (Table 4). 

Marsh surface elevation during March of 1997 was more than 2 feet higher than 

during March of 1996. During April, the water levels were comparable between the two 

years, although water depth was slightly higher in 1997 than in 1996 for most of the year 

(Figure 3). 

Turbidity 

Turbidity during the summer months in Topock Marsh differed spatially and 

temporally between 1996 and 1997 (Table 5). Overall, the marsh was less turbid during 

1996 than during 1997 (P<0.001; 9.46 NTUs vs. 18.36 NTUs, respectively), and the 

pattern of turbidity differed. In 1996, the areas of highest turbidity in the marsh were in 

UN, WL, N, and SD, whereas the areas of lowest turbidity were in UGL and C. In 1997, 

4 of the 6 sites increased significantly (UGL, WL, C, and N), with the highest values of 

turbidity being found in UGL, and the lowest in C. The greatest change was in UGL 

where turbidity increased by a factor of almost 22 between 1996 and 1997 (Table 6). 
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Table 3. Summary of the results of ANOVA for water depth in Topock Marsh, Havasu 
National Wildlife Refuge (Lower Colorado River) during 1996 and 1997. F Ratio=F 
Ratio for given efifect, DF=degrees of freedom associated with F, P=level of 
significance of F. 

Effect F Ratio DF P 

Bay 76.11 5 <0.001 

Year 1.78 1 0.18 

Bay X Year 7.77 5 <0.001 

Table 4. Water depth for each site in Topock Marsh, Havasu National Wildlife Refuge 
(Lower Colorado River) during 1996 and 1997. Values are mean ± 1 SE. Within a 
column, values with the same lowercase letter do not differ (P>0.05). Within a row, 
values with the same number do not differ (P>0.05). 

Site 

Water depth (m) 

Site 1996 1997 

Upper Neck 1.78 ±0.17"' 1.60 ±0.04*"' 

Upper Goose Lake 1.28±0.0r^ 1.25 ±0.01"" 

Willow Lake 1.22 ±0.01"^ 1.33 ±0.01" 

Channels 1.79 ±0.12"' 1.87 ±0.19"^' 

Narrows 2.12 ±0.08" 2.02 ±0.10*"' 

South Dike 2.02 ± 0.07*2 2.34 ±0.06*' 

Grand Mean 1.70 ±0.02' 1.74 ±0.02' 
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Figure 3. Monthly surface water level for Topock Marsh, Havasu Mationai Wildlife Refuge 
(Lower Colorado River), during 19% and 1997 as measured at the outlet structure at the South 
Dike. 
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Table 5. Summary of the results of ANOVA for turbidity in Topock Marsh, Havasu 
National Wildlife Refuge (Lower Colorado River) during 1996 and 1997. F Ratio=F 
Ratio for given effect, DF=degrees of freedom associated with F, P=level of 
significance of F. 

Effect F Ratio DF P 

Bay 25.83 5 <0.001 

Year 80.14 1 <0.001 

Bay X Year 61.15 5 <0.001 

Table 6. Turbidity values for each site in Topock Marsh, Havasu National Wildlife 
Refuge (Lower Colorado River) during 1996 and 1997. Values are mean ± 1 SE. 
Within a column, values with the same lowercase letter do not differ (P>0.05). Within a 
row, values with the same number do not differ (P>0.05). 

Turbidity (NTUs) 

Site 1996 1997 

Upper Neck 16.03 ±0.29" 18.11 ±0.88"' 

Upper Goose Lake 1.37 ±0.07" 29.86 ± 1.70" 

Willow Lake 8.27 ± 0.66"^ 17.77 ± 1.15'" 

Channels 1.97 ±0.07" 6.92 ± 0.54" 

Narrows 11.23 ±0.38" 16.97 ±0.80"' 

South Dike 17.90 ±0.35" 20.55 ± 1.31"' 

Grand Mean 9.46 ± 0.79^ 18.36 ±0.33' 
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Light reaching the sediment surface 

Photosynthetically active radiation (PAR) reaching the substrate (measured in July 

and August of 1997) varied between sites in Topock Marsh (Table 7). PAR was greatest 

in UN, WL, and C, where levels ranged from 421.8-491.0 nmol/s/m\ and lowest at the 

two southern-most locations in N and SD, where levels ranged from 51.9-161.2 

^mol/s/m^. In UGL, the average level of PAR was 251.8 nmol/s/m^. 

Multiple regression model 

Stepwise multiple regression revealed that turbidity was the only factor that 

affected SAV distribution and abundance during 1996 and 1997 (Tables 8 and 9). 

Turbidity accounted for approximately 62% of the variability in SAV biomass between 

sites and years. 

Substrate type and sediment nutrients 

Visual comparison indicated that substrate type, as represented by organic content 

and grain size, varied between sites (Figure 4). Substrate type appeared to be similar in 

UN and UGL, where sediments were relatively high in organic content and grain size was 

predominantly silt. The Narrows and SD were also quite comparable, with similar organic 

content and grain size. Organic content in WL and C was approximately the same, and 

both sediments were composed predominantly of sand. However, grain size in C was 

much coarser than in WL, containing 76% sand compared to 52% in WL. 

Sediment nutrient content varied between sites as well. Visual comparison 

indicated that levels of NH^-N and soluble K displayed a similar pattern of variation 

between the sites (Figure 5, top 2 panels). These 2 nutrients were generally highest in N 
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Table 7. Photosynthetically active radiation (PAR 20 cm above substrate surface) for 
each site in Topock Marsh, Havasu National Wildlife Refuge (Lower Colorado River) 
during July and August 1997. Values are mean ± I SE. Different letters indicate 
significantly different values between sites. 

Site PAR (nmol/s/m") 

Upper Neck 477.5 ± 141.1* 

Upper Goose Lake 251.8 ±21.6*^ 

Willow Lake 491.0 ±38.0' 

Channels 421.8 ±80.3*^ 

Narrows 161.2 ±26.8*^ 

South Dike 51.9 ±6.4= 

Grand Mean 309.2 ± 42.8 

Table 8. Correlation coefficients among the environmental variables measured in 1996 
and 1997 on Topock Marsh, Havasu National Wildlife Refuge (Lower Colorado River). 
WBD=wind barrier distance during each summer month. 

Variable Depth Turbidity WBD June WBD July WBD August 

Depth 1.00 0.06 -0.22 0.09 -0.12 

Turbidity 1.00 0.33 0.34 0.30 

WBD June 1.00 0.88 0.64 

WBD July 1.00 0.81 

WBD August 1.00 
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Table 9. Results of stepwise multiple regression for environmental variables measured 
in 1996 and 1997 on Topock Marsh, Havasu National Wildlife Refuge (Lower 
Colorado River). WBD=wind barrier distance during each summer month. 

Parameter SS F ratio P 

Depth 1.58 0.92 0.36 

Turbidity 32.29 18.91 0.001 

WBD June 0.39 0.21 0.66 

WBD July 0.01 0.01 0.93 

WBD August 0.80 0.45 0.52 

Model; In (N. marina L. damp g/m^) = 7.86 - 0.21 (Turbidity) 

Analysis of variance 

Source DF SS F P Adjusted R^ 

Model 1 32.29 18.91 0.001 0.62 

Error 10 17.08 
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Figure 4. Substrate type for each sampling location at Topock Marsh, Havasu National Wildlife 
Refuge (Lower Colorado River). Samples were gathered during M^h 1997. Histograms 
represent mean + I SE. UN=Upper Neck, UGL=Upper Goose Lake, WL=WillowLake, 
C=Channels, N=Nartows. SD=South Dike area 
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Figure 5. Sediment nutrient content for each sampling location at Topock Marsh, 
Havasu National Wildlife Refuge (Lower Colorado River). Samples were gathered 
during March 1997. Histograms represent mean + 1 SE. UN=Upper Neck, UGL= 
Upper Goose Lake, WL=Willow Lake, C=Channels, N=Narrows, SD=South Dike area. 
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and SD, and generally lowest in WL. Intermediate amounts were present in the other 

three sites at UN, UGL, and C. Levels of NOj and PO4 also displayed a comparable 

pattern in their spatial distribution. These 2 nutrients were relatively high in UGL, and 

were very low or non-existent in UN and N. Intermediate amounts were found in the 

other three sites at WL, C, and SD (Figure 5, bottom 2 panels). 

Principal components analysis 

Principal components analysis (PC A) of the entire sediment data set for 1997 

(substrate type and sediment nutrients) revealed 2 major patterns of spatial variation 

within the open waters of Topock Marsh (Tables 10 and 11). The first principal 

component (PC 1) appears to be a combination of sediment texture and the relative 

abundance of NH4-N and soluble K. This axis separated sandy sites with relatively low 

organic content and relatively lower NH4-N and soluble K fi^om silty/clayey sites with 

relatively higher organic content and higher NH4-N and soluble K. Along PCI, UN, UGL, 

N, and SD ordinated positively, and were generally tightly grouped, with 1 exception in 

SD. In contrast, WL and C generally ordinated negatively, and were less tightly grouped 

with 4 of the 12 samples ranging to positive values along this axis (Figure 6). This axis 

accounted for approximately 66% of the variability within the sediment data set. 

The second principal component (PC2) was interpreted as a nitrate/phosphate 

factor. It separated sites relatively lower in NO2 and PO4-P fi-om those sites higher in 

these plant nutrients. Along PC2, UGL ordinated most positively, but was variable along 

this axis. Values for all sites except UGL tended to be low (with one exception in WL), 

with some of the lowest values in N and SD, and were generally tightly grouped along this 
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Table 10. Correlation coefiBcients among the variables for substrate type and sediment nutrients m Topock 
Marsh, Havasu National Wildlife Refuge (Lower Colorado River). Samples were collected dunng March 
1997. 

Variable %Organic %Sand VoSilt %Clay NH,-N soluble K NO, PO,-P 

%Organic 1.00 -0.88 0.80 0.92 0.78 0.83 0.46 0.39 

%Sand 1.00 -0.98 -0.89 -0.57 -0.76 -0.45 -0.34 

%Silt 1.00 0.77 0.48 0.70 0.47 0.36 

%Clay 1.00 0.70 0.76 0.33 0.25 

NH«-N 1.00 0.68 0.18 0.10 

soluble K 1.00 0.30 0.23 

NO, 1.00 0.95 

PO,-P 1.00 

Table 11. Results of the principal component analysis on the correlation matrix of the variables given in 
Table 10. Bolded values indicate high correlation between variables and principal components. 

Principal Component 

Information 1 2 3 4 5 6 7 

Eigenvalue 5.25 1.63 0.60 0.27 0.17 0.05 0.03 

% Variance explained 65.61 20.42 7.46 3.32 2.15 0.66 0.39 

Cumulative % variance explained 65.61 86.02 93.48 96.80 98.95 99.61 100.00 

Correlations of the original variables with the PCs. 

% Organic 0.97 -0.12 0.10 -0.05 0.08 0.17 0.08 

% Sand -0.94 0.08 0.31 0.07 0.04 0.02 0.02 

% Silt 0.89 -0.01 -0.41 -0.03 -0.20 0.01 -0.02 

% Clay 0.91 -0.23 -0.03 -0.16 0.29 -0.09 -0.02 

NH«-N 0.72 -0.37 0.53 -0.15 -0.19 -0.03 -0.03 

Soluble K 0.85 -0.24 0.09 0.46 0.03 -0.03 -0.01 

NO, 0.57 0.80 0.09 -0.01 -0.05 -0.10 0.10 

PO, 0.48 0.8S 0.14 0.02 0.05 0.07 -0.11 
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Figure 6. Principal Component 1 (PC 1) and Principal Component 2 (PC 2) for 
sediment characteristics at Topock Marsh. Havasu National Wildlife Refuge 
(Lower Colorado River) during March 1997. UN=Upper Neck, UGL=Upper Goose 
Lake, WL-Willow Lake, C^Channeis, N=Narrows. SD=South Dike area. 
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axis (Figure 6). This axis accounted for approximately 20% of the variability within the 

sediment data set. 

Experimental Study 

Majas marina L. is a brittle plant that breaks easily with excessive handling and 

wave action (personal observation). Some of the plants in the experimental units showed 

a decrease in plant height or a loss of stems between sampling periods. Because I 

measured the seedlings during a stage in their life cycle when they should be actively 

growing, I assumed that a negative difference in either target variable was due either to 

handling or weather conditions, and that these plants did not accurately represent the 

growth potential for each experimental unit. Therefore, in the analysis for plant height and 

branching, I used only those plants that had a net increase of 0 or greater in either height 

or number of branches. 

During Time Period 1, there was a marginal difference in height between plants 

grown in sediment from UGL vs. those grown in sediment from WL (height: n=12, 

t=1.90, P=0.09). Plants in UGL sediment grew 2.7 cm more on average than those in WL 

sediment. There was no difference in branching between the plants grown in these 2 

sediments during Time Period 1 (branching: n=12, t=-0.70, P=0.50). During Time Period 

2, the plants grew significantly more in the units containing sediment from UGL than those 

from WL (n=12, t=3.29, P=0.01), and had significantly more branching during this period 

as well (n=12, t=2.54, P=0.03). In the UGL sediments, the plants increased in height by 

21.0 cm and gained 5.3 more branches during this period, while in WL sediments, the 

plants increased in height by 11.2 cm and gained only 2.4 more branches (Figure 7). 
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Figure 7. Increase in height (a) and branching (b) between plants grown in sediment from Upper Goose 
Lake (UGL) and Willow Lake (WL) in Topock Marsh, Havasu National Wildlife Refuge (Lower Colorado 
River) during Time Periods I and 2. 
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DISCUSSION 

Biomass of SAV in Topock Marsh during 1996 and 1997 was relatively low 

compared to biomass found in depths < 3 m in other freshwater wetlands and lakes (Table 

11). It is likely that these years adequately reflect the variation in SAV abundance that has 

occurred in the marsh since the refuge was established (qualitative data from Annual 

Reports, Havasu NWR, 1940-1992; personal observation), and therefore Topock Marsh 

could be considered a wetland of low SAV productivity. 

It is apparent, however, that environmental factors affect the spatial distribution of 

SAV within the open-water portions of the marsh. Of these factors, light as a function of 

turbidity seems to have the greatest influence on SAV distribution and abundance. Water 

depth alone does not seem to affect SAV within Topock Marsh, as demonstrated by the 

persistence of N. marina L. in C (relatively deep) and the variability of N. marina L. in 

UGL and WL (relatively shallow). Indeed, N. marina L. is not limited to depths of < 3 m, 

as it is found in other deeper backwaters (> 3 m) along the Lower Colorado River 

(personal observation). 

It is possible that water depth in combination with turbidity during the critical 

stage of seedling development may ultimately affect the ability of SAV to grow in various 

areas of Topock Marsh. In 1997, the effect of raising the water level quickly so that 

marsh elevation reached and exceeded the goal of 456.25' MSL in March (to benefit the 

Southwest willow flycatcher) may have detrimentally affected the ability of N. marina L. 

seedlings to obtain the minimal level of PAR to support growth. Agami et al. (1984) 

found that whereas N. marina L. has a low photosynthetic compensation point (5 |iE/m^/s; 
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Table 12. Average annual biomass (maximum) of submersed aquatic vegetation in < 3 m of water from 
various wetlands and lakes around the world. Biomass (dry g/m^ for Topock Marsh, Havasu National 
Wildlife Refiige (Lower Colorado River) was calculated by regressing dry biomass on damp biomass (dry 
g/m* = 1.91 + 0.03 (damp g/m*); Adjusted R" = 0.87; n = 373; F Ratio = 2524.1; PO.OO 1). 

Wetland/Lake Location 
Biomass 

(dryg/m^ Source 

Topock Marsh Arizona, USA 41,5 This study; mean biomass across 
bays and years 

Okeechobee Florida, USA 759 Hopson and Zimba (1993) 

Bowker Quebec, Canada 25.3 Chambers and Kalfir(l985) 

Lovering Quebec, Canada 73.8 Chambers and Kalff (1985) 

Brompton Quebec, Canada 31.4 Chambers and Kalff (1985) 

Massiwippi Quebec, Canada 362.7 Chambers and Kalff (1985) 

Brome Quebec, Canada 35.2 Chambers and Kalff (1985) 

Magog Quebec, Canada 211.5  Chambers and Kalff (1985) 

Waterloo Quebec, Canada 275.9 Chambers and Kalff (1985) 

Kanba Zambia and 
Zimbabwe, Africa 

-300-500 Machena and Kautsky (1988) 

Veluwemeer The Netherlands -70 van Wijk (1988) 

Westbroekse Zodden area The Netherlands 110-940 Vermeer and Berendse (1983) 

Pyhajarvi Finland 96.1 Aulio (1985) 

Lock Uanagan Scotland -325 Spence (1972) 
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Agami et al. 1980; note: 1 ^mol/mVs = 1 jiE/mVs), the light compensation point required 

for growth is higher than that for photosynthesis. They reported that a mid-day irradiance 

rate of approximately 100 nE/mVs was necessary to provide enough total light to maintain 

growth, and 250 |iE/mVs was necessary in order for plants to complete their life cycle and 

produce seeds. If water depth in combination with turbidity within the marsh is such that 

the amount of light reaching the substrate is very low during the spring and early summer, 

seedling development of N. marina L. may not be possible. 

Turbidity might also be affected by a combination of water depth and wave action 

(as a function of wind exposure). During the summer months, the winds are 

predominantly from a southern direction (ranging from SSW to ESE). Upper Goose Lake 

is very exposed to wave action from this direction (nearest barrier > 500 m away), 

whereas WL is more protected (nearest barrier between 100 and 275 m away). It is 

possible that turbidity during most of the year is generally higher in UGL than in WL 

because of this exposure. However, in 1996, when the water level was lower during 

spring, enough light was able to penetrate to the substrate to overcome the higher 

turbidity and promote plant growth. In 1997, the higher water level in combination with 

the high level of turbidity in UGL likely greatly diminished the establishment of S AV in 

this area. 

It seems likely that in the exposed open-water areas of the marsh (i.e., all sampling 

sites except C), plant growth causes a decrease in turbidity by reducing wave action and 

allowing suspended particles to settle out of the water column. For example, based on 

visual observation, high turbidity values could be found in UGL during early summer of 
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1996 (personal observation). However, turbidity values decreased during late summer of 

1996 when the plants were established and had grown close to the surface of the water. 

In C, the protection that the surrounding Typha/Scirpus islands and shoreline provide 

allows the suspended particles to settle out of the water column, transmitting enough light 

to the substrate to allow plant growth in depths that in other areas of the marsh are 

sparsely populated by SAV (i.e., UN, N, and SD). 

Whereas variation of SAV biomass within the marsh is greatly affected by 

turbidity, it is likely that additional variation can be explained by the sediment 

characteristics throughout the marsh. I chose to look at patterns that were apparent in the 

univariate graphs and PC A of sediment characteristics, which indicated that spatial 

variation exists within the sediments of Topock Marsh. Additionally, the results of the 

experiment between plants grown in UGL sediment vs. those grown in WL sediment 

support this hypothesis as well. It is possible that the combination of available light at the 

substrate and sediment characteristics work in conjunction with one another to affect SAV 

distribution and abundance in Topock Marsh. In C, where sediments composed mostly of 

sand and nutrients were relatively limited, consistently high amounts of SAV grew in 1996 

and 1997 relative to the other sites on the marsh. It seems likely that because light 

availability does not appear to be limiting in C and it is well-protected from wave 

exposure, the relatively poor sediment "quality" is adequate for plant growth. In areas 

where light is limiting and wind exposure is high, sediment characteristics may have more 

influence on the abundance of plants once they become established. 
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It is possible that other environmental factors not measured in this study affect the 

abundance and distribution of SAV within Topock Marsh. Agami and Waisel (1983) 

determined that both temperature and photoperiod affected growth of N. marina L., with 

temperature being the dominant factor in controlling growth. They determined that 

optimal conditions for N. marina L. were achieved at water temperatures of 25 "C as 

compared to 13 °C under both long-day and short-day conditions. In Topock Marsh, it is 

possible that water temperature affects plant growth to a limited extent by inhibiting plant 

growth during years of cooler spring weather. However, because N. marina L. is found in 

the Colorado River, where temperatures are generally much lower than in Topock Marsh 

during the summer months, it seems that other environmental factors have a greater 

influence than temperature on SAV growth within the marsh. 

Additional work has been conducted by Agami and Waisel (1986 and 1988) on the 

distribution and germination of N. marina L. seeds that have passed through the digestive 

tract of waterfowl {Anas platyrynchos, mallard) and fish {Oreochromis sp., tilapia; 

Ctenopharyngodon idella, grasscarp; and Cyprinus carpio, common carp). In all cases 

except C. carpio, germination of N. marina L. was favored by consumption by waterfowl 

or fish when compared to untreated seeds. Whereas many of the seeds were digested by 

the animals (and all were digested by C. carpio), those that were excreted had a higher 

rate of germination and germinated faster than those with intact seed coats and 

mechanically cracked seed coats. In Topock Marsh, it is possible that migrating 

waterfowl and carp may have an effect on the annual variation in SAV abundance. 
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CONCLUSIONS 

Many factors apparently afifect the distribution and abundance of S AV (mainly N. 

marina L.) within Topock Marsh, with light as a function of turbidity appearing to have 

the greatest influence. While available light has the most influence on submersed 

macrophytes, it is likely that a combination of wind exposure and sediment ch2U"acteristics 

also affects SAV distribution and abundance. In areas where wave exposure is low 

(allowing better light penetration by reducing turbidity), sediment characteristics can be of 

lower "quality" but still adequate for growth of SAV. In areas where wave exposure is 

high (causing less light penetration by increasing turbidity), sediment characteristics may 

have more influence on the growth of SAV, as demonstrated by the experiment involving 

N. marina L. growth between two sediments from different areas of the marsh. Other 

factors, such as water temperature, and disturbance and consumption by fish and 

waterfowl also may have some impact on SAV, although further study is required to 

determine the impact they have on plant distribution and abundance. 

Multiple objectives for the refuge may influence management practices that 

ultimately afifect SAV. If Topock Marsh is managed primarily as waterfowl habitat, 

management of water levels may be in conflict with the requirements of other species 

found on the refuge (e.g.. Southwest willow flycatcher). Therefore, it may be necessary 

for the refuge manager to determine the goals for the marsh, and possibly even vary them 

from year to year to benefit species with different habitat requirements. If^ however, the 

main objective is to provide food for waterfowl, careful management of water levels 
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during the spring and early summer months seems necessary to adequately promote the 

growth of SAV within Topock Marsh. 
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MANAGEMENT IMPUCATIONS 

Based upon the data gathered during the summers of 1996 and 1997, it appears 

that water level management in March and April plays a critical role in determining SAV 

abundance in late summer and early autumn. The determining factor in SAV abundance is 

likely the amount of light that reaches the substrate during the time of seedling 

establishment and growth in early spring. When water levels reached the target of 456.5' 

above MSL in April (1996), SAV biomass that summer was abundant. However, when 

this same level was reached in March (1997), SAV biomass that summer was considerably 

reduced. Water levels in mid-summer both years differed only by 6-9 cm, but water levels 

in early spring differed by as much as 73 cm. Sediment nutrients, even in locations where 

they are relatively low, are adequate to support plant growth. However, the amount of 

light reaching the substrate decreases with depth of the water column, and is influenced by 

turbidity due to particles in suspension in the water column. I believe that the deeper 

water in spring of 1997 prevented many seedlings from becoming established due to 

insuflBcient light reaching the sediment surface. This logic, based on two years of data, 

leads to the recommendation that water levels not be raised to the target of 456.5' above 

MSL until April of each year. 

However, it is important to realize that this recommendation is based only upon 

two years of data, and it is possible that factors other than water depth alone were 

responsible for differences in SAV abundance in 1996 and 1997 in Topock Marsh. Higher 

winds in late winter and spring of 1997 may have resulted in turbidity levels that reduced 

the minimum depth at which N. marina L. could become established in locations like 
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UGL, a location where it can do very well. The uncertainty due to the lack of field data 

on spring establishment of N. marina L., coupled with the annual variability in wind 

intensity and direction in spring, make it logical to take an adaptive management approach 

(Rolling 1978, Walters 1986) to managing water levels at Topock Marsh. 

More quantitative data is needed to develop a definitive management plan for SAV 

in Topock Marsh, and water level management will need to adapt accordingly as these 

data become available. It is my recommendation that the refiige initiate and maintain a 

long-term database that includes mean monthly marsh surface elevations and monthly 

turbidity values fi'om replicate samples in three locations: UGL, WL, and C. Additionally, 

SAV biomass samples should be collected fi'om these three areas as well during peak 

standing crop (July-October). These data can then be used to refine water level 

management and promote the growth of SAV in Topock Marsh. 
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APPENDIX I 

All references and the complete operating procedures for determination of sediment grain 
size, organic content, and nutrient content as cited in Artiola 1989. 

Sediment particle size distribution 

Black, C. A, D. D. Evans, J. L. White, L. E. Ensminger, and F. E. Clark. 1965. Methods 
of Soil Analysis - Part I, Physical and Mineralogical Properties, Including 
Statistics of Measurement. Agronomy No. 9. ASA, Inc., SSSA, Inc. Publishers, 
Madison, WI. 770 pp. Section 43-5.1. 

Gee, G. W. and J. W. Bauder. 1979. Particle size analysis by hydrometer: A simplified 
method for routine textural analysis and sensitivity test of measurement 
parameters. Soil. Sci. Soc. Am. J. 43:1004-1007. 

Hendricks, D. M. 1988, pers. comm. 

Klute, A. 1986. Methods of Soil Analysis - Part 1, Physical and Mineralogical Methods. 
SSA. Second Ed., Chapter 15. Section 15-5.2.5.1. 

Musil, S. 1988, pers. comm. + HYDROl.BAS program. 

Organic content 

Page, A. L., R. H. Miller, and D. R. Keeney. 1982. Methods of Soil Analysis - Part 2; 
Chemical and Microbiological Properties. 2nd Ed. No. 9. Agronomy. ASA, 
SSSA. Madison, WI. Method 29-2.2. 

NH4-N extraction 

U.S. EPA. 1983. Methods for Chemical Analysis of Water and Wastes. EPA-600/4-79-
020. 

U.S. EPA. 1983. (Revised Ed. March, 1983) Methods for Chemical Analysis of Water 
and Wastes. U.S. Environmental Protection Agency, Environmental Monitoring 
and Support Laboratory, Research and Development. Cincinnati, OH. 45268. 
Methods 351.2 and 365.2. 

NH4-N analysis 

Hitachi, Ltd. 1987. Instruction Manual for Model U-2000 double-Beam 
spectrophotometer. 
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Hitachi, Ltd. 1987. Instruction Manual for Auto Sipper for Model U-2000 double-Beam 
spectrophotometer. 

Willard, H. H., L. L. Merritt, J. A. Dean, and F. A. Settle. 1981. Instrumental Methods 
of Analysis. Sixth Ed. Litton Educational Publishing, Inc. 1030 pp. Chapters 2 
and 3. 

Sample preparation for anions and soluble K 

Black, C. A., D. D. Evans, J. L. White, L. E. Ensminger, and F. E. Clark. 1965. Methods 
of Soil Analysis - Part 1, Physical and Mineralogical Properties, Including 
Statistics of Measurement and Sampling. Chapter 7. 

Chapman, H. D. 1966. Diagnostic Criteria for Plant and Soils. Department of Soils and 
Plant Nutrition. University of California Citrus Research Center and Ag. Exp. Sta. 
Riverside, CA. Quality Printing Co. Abilene, TX. 793 pp. 

Greweling, T. 1976. Chemical Analysis of Plant Tissue. Search Agriculture. Agronomy 
6. Vol. 6, No. 8. Cornell University Agr. Exp. Sta. New York State College of 
Agriculture and Life Sciences. Ithaca, NY. 

Heanes, D. L. 1981. Laboratory Methods for Soil and Plant Analysis. 3rd. Ed. SecBl 
Dept. of Agriculture, South Australia. 

Horwitz, W. 1980. Official Methods of the Association of Official Analytical Chemists. 
13th Ed. and Supplements 3.002. AGAC. P. G. Box 540. Benjamin Franklin 
Station. Washington, DC. 20044. 

Jones, Jr., B., B. Wolf, and H. A. Mills. 1991. Plant Analysis Handbook; a Practical 
Sampling, Preparation, Analysis, and Interpretation Guide. Micro-Macro 
Publishing, Inc. 213 pp. 

Standard Methods for Examination of Waters and Wastewaters. 1995. Edited by Eaton, 
Clesceri, and Greensberg. A?HA, AWWA, WEF. 

Ulrich, A. et al. 1959. I. Plant Analysis, A Guide to Sugar Beet Analysis. California Agr. 
Exp. Sta. Uni. Of Cal. at Davis. Bulletin #766. 

U.S. EPA. 1996. Methods of Analysis of Hazardous Solid Wastes. SW-846. Revision 
HI. U. S. Environmental Protection Agency, Office of Solid Waste. Washington, 
DC. 20460. 
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Wash, L. M. and J. D. Beaton. 1973. Soil Testing and Plant Analysis. Soil Science 
Society of America. Madison, WI. Chapter 16. 

NO J, NO3, and PO4 extraction 

Black, C. A., D. D. Evans, J. L. White, L. E. Ensminger, and F. E. Clark. 1965. Methods 
of soil analysis - Part 2, Chemical and Microbiological Properties. Agronomy No. 
9. ASA, Inc., SSSA, Inc. EHiblishers. Madison, WI. 770 pp. 

Greweling, T. 1976. Chemical Analysis of Plant Tissue. Search Agriculture, Agronomy 
6. Vol. 6, No. 8. Cornell University Agr. Exp. Sta., N.Y. State College of 
Agriculture and Life Science. Ithaca, NY. 

Johnson, C. M. and A. Ulrich. 1950. Determination of nitrate in plant material. 
Analytical Chemistry 22:1526-1529. 

Johnson, C. M. and A. Ulrich. 1959. Q Analytical methods for use of plant analysis. 
California Agr. Exp. Sta. Bull. #766. University of California. Davis, CA. 

Page, A. L., R. H. Miller, and D. R. Keeney. 1982. Methods of soil analysis - Part 2, 
Chemical and Microbiological Properties. Second Ed. Agronomy No. 9. ASA, 
Inc., SSSA, Inc. Publishers. Madison, WI. Chapter 12. 

Richards, L. A. 1969. Diagnosis and Improvement of Saline and Sodic Soils. Agriculture 
Handbook No. 60. United States Salinity Laboratory Staff. U.S. Dept. Of 
Agriculture. 159 pp. 

U.S. EPA. 1986. Methods of analysis of hazardous solid wastes. SW-846. Third Ed. 
U. S. Environmental Protection Agency, OflBce of Solid Waste. Washington, DC. 
20460. Method 9045. 

NOj, NO3, and PO4 analysis 

Dionex. 1985. System 2020i Operator's Manual for the Dionex 2020i Ion 
Chromatograph. 

Dionex. 1985. Autoion 300 software (rev 03, 1985) Manual. 

EPA. 1984. Test Method: The determination of Inorganic Anions in Water by Ion 
Chromatography. Method 300.0. EPA-600/4-84-017, March 1984. U. S. EPA, 
Research and Development. 
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EPHA. 1985. Standard Methods for the Examination of Waste and Wastewater. I6th 
Ed. APHA/AWV/A/WPCF. Method 429. 

Willard, H. H., L. L. Merritt, J. A. Deaa, and F. A. Settle. 1981. Instrumental Methods 
of Analysis. Sixth Ed. Litton Educational Publishing, Inc. 1030 pp. 

Soluble K extraction 

Artiola, J. F. and W. H. Fuller. 1979. Evaluation of procedures for solid waste: Trace 
metals in municipal sludges. Compost. Sci. Nov/Dec. 

Bemas and Bedrich. 1968. Analytical Chemistry 40:11-1682. 

Black, C. A., D. D. Evans, J. L. White, L. E. Ensminger, and F. E. Clark. 1965. Methods 
of soil analysis - Part 2, Chemical and Microbiological Properties. Agronomy No. 
9. ASA, Inc., SSSA, Inc. Publishers. Madison, WI. 770 pp. 

CEM Corporation. 1992. Microwave Sample Preparation System Operation Manual. 
Mathews, NC. 

Clark, D. 1983. Total HNOj extractable metals from solids or sludges. SOP-31. Robert 
S. Kerr Environmental Research EPA laboratory. Ada, OK. 

Early, E. B. 1950. Oxidation of plant material with a mixture of nitric and perchloric 
acids. Univ. of Illinois, Dept. of Agronomy. Mimeo AG1476. 

Fuller, W. H. 1983. Laboratory Handbook for Waste Control Research: n Methods in 
Plant Material and Organic Residue Analysis. Soil and Water Science Dept. Agr. 
Exp. Sta. The University of Arizona. Tucson, AZ. 85721. 

Johnson, C. M. and A. Ulrich. 1959. II Analytical methods for use of plant analysis. 
California Agr. Exp. Sta. Bull. #766. University of California. Davis, CA. 

Page, A. L., R. H. Miller, and D. R. Keeney. 1982. Methods of soil analysis - Part 2, 
Chemical and Microbiological Properties. Second Ed. Agronomy No. 9. ASA. 
Chapter 1. 

Smith, G. F. 1965. The wet chemical oxidation of organic compositions employing 
perchloric acid. The Frederick Smith Chemical Co. Inc. 857 Mckinley Av. 
Columbus OH. 43223. 
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U.S. EPA. 1986. Methods of analysis of hazardous solid wastes. SW-846. Third Ed. 
Office of Solid Waster and Emergency Response. Washington, DC. 20460. 
Methods 3050 and 7000. 

Soluble K analysis 

Leeman Labs, Inc. 1990. (Rev. 0.6, January, 1990) PS Series ICP/Echelle 
Spectrophotometers Reference Manual. 

Willard, H. H., L. L. Merritt, J. A. Dean, and F. A. Settle. 1981. Instrumental Methods 
of Analysis. Sixth Ed. Litton Educational Publishing, Inc. 1030 pp. Chapters 5 
and 6. 
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