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ABSTRACT

Lake Ziway is shallow freshwater located in Northern part of Ethiopian Rift Valley.
Expansions of the flower industry, widespread fisheries, intensive agricultural
activities, fast population growth lead to deterioration of both water and sediment
qualities and depletion of aquatic biota. The main objective of this study is to evaluate
the internal nutrient load dynamics from the sediment. Nutrients in sediment samples
were analyzed according to the standard procedures outlined in EPA, 1994 and
phosphorus release rate were estimated with THE methods described in Steinman, et
al. [87]. The results of sediment depth profile analyses showed that the mean
concentrations of SRP, TP, NO3-N, NO2-N and TN were 27.7, 62, 5.28, 8.51 and 1733
mg/kg, respectively in dry season, and 21.2, 73, 7.99, 28.4, 24.2 and 1750 mg/kg,
respectively in wet season. The values for all the studied nutrients distribution were
higher at sediment top surface and decline with depth of the sediment profiles in most
of the sampling sites and seasons. The results of the seasonal evaluation of phosphorus
flux from lake sediments showed that sediments were sources of phosphorus. The
findings from the current study indicate that internal sources of nutrients to Lake
Ziway vary across time and space. Understanding this variation and internal nutrient
load is important in developing mitigation and restoration strategies for the lake
ecosystems.

Contribution/Originality: The main objective of this study is to evaluate the internal nutrient load dynamics
from the sediment. Nutrients in sediment samples were analyzed according to the standard procedures outlined in

EPA, 1994  and phosphorus release rate were estimated with THE methods described in Steinman, et al. [37].

1. INTRODUCTION

Lake sediment is an important component in the lake ecosystem acting as a sink and/or sources of nutrients.
Seasonal Riverine intrusions brings a variety of contaminants such as sediments, fertilizers, pesticides, manures,
terrestrial vegetation and domestic and industrial wastes from upstream catchments to downstream lakes.
Sediments can act as a buffering system for the overlying water, retaining allochthonous and autochthonous

nutrients [17]. Excessive sediment and nutrient load can have major adverse ecological impacts on receiving aquatic
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ecosystems. In shallow aquatic systems such as lakes, and reservoirs, intensive material exchange between the
bottom and the water may determine nutrient fluxes and the productivity of the entire ecosystem [2-47]. Factors
causing internal nutrient load include low redox potential, elevated pH, and sediment resuspension caused by water
currents and animal activities. In shallow lakes like Ziway, wind-induced sediment resuspension is often the main
cause of internal load [5]. The cumulative impact of multiple anthropogenic factors such as eutrophication and
climate factors can result in increased nutrient load from sediments causing declines in water quality manifested as
increases in undesirable algal populations, taste, odor, and color problems. These problems are especially important
if the lake is used as a drinking water resource [6].

Sediment analysis is increasingly important in evaluating qualities of the ecosystem of a body of water, in
addition to the water sample analysis practiced for years [7, 8. Although a substantial amount of data are available
on primary productivity, dynamics of the major phytoplankton and Zooplankton communities, macrophytes and
fishery in Lake Ziway water samples but studies on the contribution of internal nutrient load in the sediment to
the functions of the system give less attention. To the best of our knowledge, there is no previous study reported on
nutrient load in sediment depth profiles in Lake Ziway. The main objective of this study is to evaluate the internal
nutrient load dynamics from the sediment depth profile in Lake Ziway and to analyze the temporal and spatial

patterns of phosphorus release rate from sediment to the water column.

2. MATERIALS AND METHODS
2.1. Description of the Study Area
Lake Ziway is a shallow freshwater lake found in the most northern section of the Ethiopian Rift Valley and is

located at 08°01’'N and 88°47E Figure 1.
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Figure-1. Lake Ziway sampling sites in the lake and its feeder rivers in Ethiopia.

Lake Ziway is well known for its aquatic bird life and other aquatic animals such as the different fish species,
various species of phytoplankton, zooplankton and other micro flora, there are also terrestrial plants and animals
found around the lake constituting its fauna and flora [97. The lake's catchment has an area of 7025 square

kilometers. Lake Ziway catchment is currently inhabited by about 2 million people (Ethiopian Central Statistics
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Authority, 2013, unpublished data) and about 1.9 million livestock [107]. The Lake Ziway region is characterized a
semi-arid to sub-humid type of climate and has mean annual precipitation varying between 846 mm and 1042 mm
and mean annual temperature between 11.44 to 28 °C. Table 1 showed the selected sampling sites of the lake for

sediment sample analyses in Lake Ziway.

Table-1. Geographic coordinates of the sample points.
Sampling site description Abr. North East Elevation
Floriculture effluent Fb 07°54.715' 038944.020' 1642
Floriculture after mixing Fa 07°54.79’ 038°144.111° 1639
Bulbula River mouth B 07°58.948' 038944.134' 1641
Ketar River mouth Ka 07°55.398' 038°52.086' 1640
Meki River mouth Ma 08° 03.379' 038956.459' 1633
Korekonch Ko 07°55.494" 03894:3.697" 1637
Central station C 07°55. 49 038°52.934 1635

2.2. Chemicals and Reagents

Analytical reagent grade sodium hydroxide, concentrated hydrochloric acid, concentrated sulfuric acid,
concentrated phosphoric acid, anhydrous sodium sulfate, ammonium persulfate, potassium persulfate, Phenol,
sodium nitroprusside, sulfanilamide ,N-(1-naphthyl)-ethylenediamine dihydrochloride, Potassium chloride, sodium
salicylate, potassium sodium tartarate, copper sulfate, silver sulphate, calcium hydroxide, magnesium carbonate,
potassium antimony tartrate, ammonium molybdate, ascorbic acid, ethanol, phenolphthalein, methyl orange,

hypochlorite, acetone. All chemical and reagents are products of Sigma-Aldrich, Germany.

2.3. Apparatus and Equipment

Low speed centrifuge (800-1, Germany); high speed centrifuge(Hermle Labortechnik; USA), vacuum pump
evaporator (Heidoph, 517/6100/0, Germany); UV-Visible Spectrophotometer (Jenway 6405, UR); Ultrasonicator
(Decon, Fs100b, Germany); Shaker Bath (Fifty, GCA, 60647, USA); Kjeldahl apparatus (Gallenhamp, USA); Oven
dry (Binder, Germany); Turbidimeter (T-100, Singapore); portable multi meter (HACH MM150, China) were used

in the experiments.

2.4. Sediment Sample Collection and Extraction Procedures for Internal Nutrient Load Analyses
Sediment samples were collected using a sediment core sampler from the selected sampling sites. The samples
were collected from seven sampling sites in Lake Ziway. In each sampling sites, three sediment samples were

collected at three depths (0 - 10 cm, 11— 20 ¢cm and 21 - 30 cm), using a modified sediment core sampler Figure 2.

-\
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Figure-2. Sediment sampling producers using modified sediment corer.
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Nutrients in sediment samples were analyzed by the procedures described in environmental water and soil
analysis manual [11-1387. The sediment samples were air dried with crushing it with a motor and pestle and sieved
(< 2 mm) and placed in appropriate petri dishes. After this the appropriate amount of distilled water were added and
then homogenized with a mechanical shaker and filtered through a Whatman filter paper grade No. 42 and 50 11,
12, 147. Finally, these solutions were analysed according to the standard methods described for water sample
analysis for nutrients:

For the determination of SRP, 1 g dry sediment sample was added to 200 mL sulfuric acid (0.002 N) in 500 mL
Erlenmeyer flask and was shaken for 30 min. The supernatant was then filtered through Whatman No. 42 filter
paper [11, 137 and measured for SRP by ascorbic acid method according to American Publica Health Association
(APHA) [157.

For the determination of TP, 5 g dry sediment was added to 50 mL deionized water in 500 mL Erlenmeyer
flask and was shaken for 30 min. The supernatant was then filtered through Whatman No. 42 filter paper; the soil
was wash with additional aliquot of deionized water. The filtrate was collected and diluted to a final volume of 100
mL [11, 187. Finally, the concentration was determined by persuphate digestion followed by ascorbic acid
according [157].

For the determination of NO;-N, 50 g dry sediment sample was added to 500 mL Erlenmeyer flask together
with 250 mL extraction reagent solution consisting of 12.5 g copper sulfate and 0.6 g silver sulfate. The solution
was shaken for 15 min and mixed with 0.4 g calcium hydroxide and 1 g magnesium carbonate in the same flask. The
mixture was then filtered through Whatman No. 50 filter paper [11, 187]. The NO;s-N from the filtrate was
analyzed by sodium salicylate method [167.

For the determination of NO.-N, 10 g fresh sediment sample was added in to an Erlenmeyer flask together
with 250 mL 2 M KCI solution. The solution was shaken for 1 hour. Thereafter, the solution was allowed to stand
for about 80 min until a clear supernatant was obtained and then the solution was then filtered through Whatman
No. 42 filter paper [11, 187]. The NO.-N from the filtrate was analyzed by colorimetric method [157.

Determination of TN in sediment was determined using Kjeldahl method according to EPA, 1993 as follows: 1
g of dry sediment samples was transferred into a Kjeldahl digestion flask. After adding of the necessary chemicals,
digestion was taken under a hood. The digested solutions were distilled with 2% boric acid solution and finally

ammonia was determined by titration with 0.1 N HzSO, solutions.

2.5. Sediment Sample Collection and Preparation for Phosphorus Release Rate Determination

Three sediment core samples were collected in a triplicate bases from each sampling site for six consecutive
months from January, 2015 to July 2015 during dry and wet seasons in order to study the phosphorus release rate.
The sediment corer was constructed from a graduated 0.51 m long polycarbonate tube (5 cm inner diameter). After
collection, the core was brought to the surface, and the bottom and upper parts of the polycarbonate tubes were
sealed with a rubber stopper in order to protect the outflow of the inside water and sediment. Core tubes were
covered with black plastics and placed in a 20 L bucket, and kept in ice during transit. Internal phosphorus release
was measured from sediment cores collected in the lake, to identify the relative contribution of internal phosphorus
loads. Three sites were sampled over two seasons to estimate seasonal internal phosphorus loading, accounting for
spatio-temporal variations in phosphorus flux. Sediment cores were incubated for 5 days under anoxic conditions,
and the overlaying water column was sampled for SRP and TP concentrations during the incubation period.

Core processing and phosphorus flux: Internal TP and SRP loads were estimated with methods described in
Steinman, et al. [87. Briefly, the sediment samples were collected using sediment cores and immediately the cores
were covered with black plastic and put in a shaded ice boxed up to the laboratory, then in the Laboratory, these
samples were placed in a dark room for five days. Finally, 50 mL water sample was removed by syringe through

the sampling port of each core tube after 5 days incubation in each month. Immediately after removal, a 25 mL
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subsample was refrigerated for analysis of TP, and a 25 mL subsample was filtered through a 0.45 pm membrane
filter paper and analyzed for SRP. Both SRP and TP concentrations were determined according to American
Publica Health Association (APHA) [157].

According to the flux (P release rate) calculations were based on the change in water column TP or SRP using
the following equation [87:

_ (C—Co)xV

b= (te—to) XA

equ. 3.15

where, p; is the net P release rate or retention per unit surface area of sediments, C; is the TP or SRP
concentration in the water column at time t, C, is the TP or SRP concentration in the water column at time 0, V is

the volume of water overlaying the sediment cores, and A is the planar surface area of the sediment cores.

2.6. Data Analysis

Different procedures of statistical analyses were used to analyze data. SPSS software version 20 (SPSS Inc,
Chicago, USA) was employed to test spatial heterogeneity of sediment concentrations. Person correlation was
chosen to evaluate the correlation and probability values were significant level at 0.05. Differences in mean
concentrations of nutrients were analyzed using ANOVA test. Depth profiles of sediment nutrient distributions

were analyzed using Sigma Plot Software (SigmaStat 10.0).

3. RESULTS AND DISCUSSION
3.1. Analysts of Internal Nutrient Load Dynamics from the Sediment in Lake Ziway
3.1.1. Spatial and Seasonal Trends in Nutrients Analysis in the Sediment Depth Profiles
The results of the study for the spatial and temporal values of NO3-N, NO,-N, SRP, TP and TN concentrations

and loads in the lake sediment samples in both composite and depth profiles are presented below:

3.1.2. Vertical Soluble Reactive Phosphorus Distributions in Sediment Depth Profiles

Soluble reactive phosphorus (SRP) concentration ranged from 8.15 to 62.0 mg/kg and 8.01 to 60.0 mg/kg in
the dry and wet seasons respectively. Higher SRP concentrations occurred in the upper layer and declined with
depth in most sampling sites in both seasons Figure 3. Similar results were reported by Yang, et al. [17];
Sobczynski and Joniak [47] and Kangur, et al. [187]. The main reason for the declining of SRP along depths of the
sediment might be the ‘bound up’ of SRP with other metal complexes and not being actively released to the
overlying water column. Similarly, Sendergaard, et al. [197] agreed that phosphorus in the upper approximately 10
cm is considered to take part in the whole lake metabolism, but mobility of phosphorus from depths down to the

bottom is decreasing.
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Figure-3. Vertical profiles of sediment SRP from the six different sampling sites in dry and wet seasons in 2014 and 2015.
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Similar results also were obtained by Pettersson [207] working in oxic condition that explained the vertical
profiles of sediment phosphorus concentration expressed on dry weight basis showed an increasing trend towards
the sediment surface. According to Teichreb, et al. [217 the disturbance of the overlying sediment would result in
chemical reactivation and release of SRP from lower depths. Other studies also showed, as far as internal inputs are
concerned, phosphorus is typically released from the sediment to the overlying water column through organic
matter decomposition and geochemical processes [227].

The mean concentrations of SRP were 27.7 mg/kg and 21.2 mg/kg in the dry and wet seasons respectively.
The value of sediment SRP in Lake Ziway is in the same range of its value in other Ethiopian lakes like Lake Tana
(ranged between 9.6 to 52.2 mg/kg with the overall mean value of 21.8 mg/kg) reported by Kebede and Mosa [87.
Similarly, Wang and Morrison [237 and North, et al. [67] reported that released SRP in the sediment is available
for algal growth and can further sustain the eutrophication processes. Therefore, this result indicated that the
sediment might be an important internal source of SRP for Lake Ziway ecosystem in increasing eutrophication
process. In the case of temporal variations, the dry season SRP concentrations were slightly higher than the wet
season, due to its internal load enhanced by warm temperature and biological activities in the lake (p < 0.05) [20,
247]. Similarly, Feuchtmayr, et al. [257 reported that higher temperature increases the release of phosphorus from

bottom sediments.

3.1.8. Vertical Distributions of Total Phosphorus in Sediment Depth Profiles

Total phosphorus (TP) concentrations varied within the range of 16.2 to 207 mg/kg and 24 to 192 mg/kg with
mean value of 62 and 73 mg/kg in the dry and wet seasons respectively. The vertical distribution of sediment TP
concentration was higher at the top sediment depth and lower in the middle in most sampling sites in the wet

season but showing a decreasing trend down the depth profiles in the dry season Figure 4.
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Figure-4. Vertical distributions of TP in sediment from the six different sampling sites in dry and wet seasons in 2014 and 2015.

Similarly, Jellison, et al. [267); Sobczynski and Joniak [47; Ye, et al. [27] and Chang, et al. [287 reported the
concentration of TP in sediment depth profiles of lakes decreasing with depth. A greater localized external
agrochemical load might be given as a cause increasing nutrient load for this variation. Similarly, Kelderman, et al.
[297 and Trolle [307] suggested that the elevated TP concentrations in the uppermost sediment layers of the lake
are due to high localized external agrochemical load. Kim, et al. [317] also reported decreasing TP concentrations
with increasing sediment depth might, which they explained that could be due to biodegradation, or release due to

the changing conditions caused by biodegradation.
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In general, higher concentrations of TP profiles in the uppermost sediment layers, is similar to that of SRP.
Similarly, Chao, et al. (327 studied the vertical variation of the phosphorus species in sediments of three typical
shallow urban lakes in China, and reported that in all the three studied lakes, TP concentrations increased in the
upper 10 cm of sediment cores and decrease with the depth, suggesting that the pollution status of these lakes
became more serious with the development of industry and economy of these cities. In this study, TP had

significant seasonal variation (p < 0.05).

3.1.4. Vertical Distributions of Nitrate-Nitrogen in Sediment Depth Profiles

Sediment NO;-N concentrations in depth profile ranged from 2.52 to 7.99 mg/kg and 2.95 to 61.8 mg/kg with
mean values of 5.28 and 28.4 mg/kg in the dry and wet seasons respectively. ANOVA (Kruskal-Wallis test)
analyses showed that NOs-N concentrations among sampling sites were significantly different during the wet
season (p < 0.05) but not during the dry season (p > 0.05). High NO;-N concentrations were obtained during the
wet season than the dry season which might be associated with high inflows from the catchment. The sampling
sites K, and F}, have high NOs-N concentration in both seasons as compared to other sampling sites Figure 5. This
could be due to high animal and human interference (mainly from fish marketing activities and animal grazing) in
K, and effluents of the floriculture industry in Fy,

The vertical distribution of NOs-N concentrations in the lake decreased with sediment depth in most sampling
sites in both seasons Figure 5. Similarly, Dasm, et al. (337 reported that the NOs-N concentration in the lake
sediment were typically lower in the deeper depth (>10 cm) than the shallower depth (0-10 c¢m) in both seasons.
The decreasing trends of NOs-N with depth might be the conversion of nitrate to nitrite and then to nitrogen gas

through microbially mediated denitrification [347].
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Figure-5. Vertical distributions of NOs-N concentrations in sediment depth profiles in dry and wet season in 2014 and 2015.

Other studies also suggested that the population of nitrifying bacteria, free living nitrogen fixing bacteria and
total bacterial population showed a slight decreasing trend with gradual increase in sediment depth [34].
Moreover, Zhang, et al. [357 explained that NOs-N diffusion from the water column to the sediment decreased

severely with sediment depth due to the denitrification processes as oxygen level decreases.

8.1.5. Vertical Total Nitrogen Distributions in Sediment Depth Profiles

The mean TN concentrations in the sediment depth profile ranged from 508 to 3200 mg/kg and 443 to 3753
mg/kg, with over all means of 1511 and 1631 mg/kg in the dry and wet seasons, respectively. Though TN
concentration variations between seasons were not significant (p < 0.05), the wet season values were slightly higher
than the dry season in most sampling sites. The depth profiles of TN concentrations decreased with sediment depth

in both seasons Figure 6. Similar results has been reported in different lakes by Ye, et al. [277]; Trolle [307; Kim, et
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al. [317; Kelderman, et al. [297. The higher TN concentrations in the uppermost sediment layer of the lake might
be due to aerobic condition at the sediment-water interface for decomposition and break down of binding molecules
and the higher localized external loading [297]. Similarly, Jinglu, et al. [36] and Trolle [807] explained that the
increased top surface nutrient concentrations in the sediment could be due to the urbanization, industrialization and
agricultural intensification in the lake catchment. There were also spatial differences, in depth profile concentrations
of TN during the dry and wet seasons in most sampling sites. It could also indicate high N fixing by sediment

benthic algae especially relevant in shallow systems.
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Figure-6. Vertical profiles of sediment TN from the six representative sampling sites in dry and wet seasons in 2014-and 2015.

As can be seen from Figure 6, M, (3200 mg/kg) and B (3753 mg/kg) have the highest concentrations of TN in
the dry and wet seasons, respectively at the top sediment layers. The highest values of TN in these sites are
probably due to the differences in the origins of the sediments and related anthropogenic factors. According to EPA
(187 the evaluation criteria of TN pollution in the sediment sampling sites of M, in the dry season and B in wet
season in Lake Ziway have reached severe pollution, and the rest sampling sites have reached mild pollution.
Throughout the whole lake sediment TN concentration shows Lake Ziway sediment pollution is very high.

Therefore, the endogenous load cannot be ignored.

3.1.6. Seasonal Variations of Composite Sediment Nutrient Analyses at the Central Sampling Site of Lake Ziway

The mean concentrations for SRP, TP, NOs-N and NOo-N were 10.4, 58.7, 10.6, 38.4 mg/kg and 6.32, 46.2,
3.19, 63.6 mg/kg for the wet and dry seasons respectively Figure 7. Wet season values were higher than the dry
season in all nutrients except NOo-N. There are seasonal variations of nutrient concentrations for the sediment
samples; this might be the seasonal cycles of nutrients due to imbalances in the processes of mineralization and
consumption Adeyemo, et al. [37]. Zhang, et al. [35] reported that lake sediment has a significant effect on

nutrient transfer in lakes, especially shallow ones.
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Figure-7. Mean concentrations of nutrients in composite sediment samples at the centre
sampling site for the wet and dry seasons in 2014 and 2015.
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There are significant variations in SRP concentrations in sediment samples between the dry and wet seasons (p
< 0.05). For instance, lake’s sediments SRP showed higher concentration in the wet season and lower concentration
in the dry season Figure 7. Similarly, Kebede and Mosa [87 reported that SRP concentration in sediment samples
in another Ethiopian lake, Lake Tana has higher values in wet season than the dry season. This could be attributed
to the fact that this season follows immediately during the heavy rain season and most of the sediments from the
rivers and discharge points have been washed into the lake.

According to the index system of the UK Agricultural Development and Advisory Service, higher SRP
concentrations in sediment (> 46 mg/kg) indicate a high nutrient status [8387. Therefore, according to this index
system Lake Ziway has high nutrient status. Kangur, et al. [187 explained that increasing nutrient concentrations
appeared to be a general phenomenon in shallow eutrophic lakes and in most cases this increase can only be the
result of increased sediment load, implying that seasonal nutrient concentrations are largely controlled by internal

processes.

TN (mg/Kg)
S 2
o o

Dry Wet

Seasons

Figure-8. Mean concentrations of TN in composite sediment samples at the centre sampling site for the wet and
dry seasons in 2014 and 2015.

The results in Figure 8 show that the mean concentrations of TN in sediments were 8780 and 2537 mg/kg in
the dry and wet seasons, respectively. Relatively lower mean concentrations were obtained in wet season as
compared to the dry season. Similarly, Kebede and Mosa [87] and Adeyemo, et al. [37] have reported similar
situation with maximum sediment TN value recorded during the dry season for Lake Tana, Ethiopia and Ibadan
River, Nigeria, respectively. However, the overall mean values of sediment TN of Lake Ziway (3158 mg/kg) is
found to be much higher than that of Lake Tana, Ethiopia (180 mg/kg) reported by Kebede and Mosa [8].
According to EPA [137 guidelines for contaminated freshwater sediments, TN concentrations in sediment of 550
and 4800 mg/ kg cause lowest and sever effects on aquatic biota, respectively. High sediment concentrations of TN
in the present study might be attributed to the increased agricultural activities and rural and urban wastewater
effluents in the area as well as increased decomposition of organic matter with warm temperature 10, 387.
Similarly, Landkildehus, et al. (897 reported that the TN concentration increased with increasing temperature,

possibly resulting to reduced nitrogen retention in the sediment under warmer conditions.

8.1.7. Seasonal Evaluation of Phosphorus Flux from Lake Sediments as a Measure of Internal Phosphorus Load

Incubated phosphorus fluxes were displayed in Table 2. The results showed that the flux ranged from -1.64 to
32.6 and -1.31 to 6.92 mg m2 day for SRP and -3.08 to 116 and - 4.33 to 28.2 mg m= day~' for TP in dry and wet
seasons, respectively. There were significant differences in the mean release rates between sampling months (p <

0.05) but not across sampling sites (p > 0.05). The mean TP and SRP release rates were 5 times and 3 times higher

9
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in the dry season as compared to the wet season, respectively. The mean release rates were significantly higher in
January, 2015 than all other months followed by March 2015 at sampling site F, which in turn were significantly
higher than the rest of the months.

Phosphorus concentrations were highest in the dry season; perhaps the high water temperature increased the
activities of microorganisms, and thus stimulated the degradation of organic matter (OM) by microbiological
agents, which enhanced the further release of phosphorus. Similar results have reported that in many shallow
nutrient-rich lakes, P concentrations in the dry season are considerably higher than in the rainy season [40-427].
Moreover, Rangur, et al. [187 and Zhang, et al. [437 also reported that increased temperatures increase microbial
processes and diffusion from the sediments resulting in elevated phosphorus concentration in the overlying water
column. Furthermore, Sendergaard [427 explained that the increased temperature augments the rate of chemical
diffusion and chemical processes, but the most significant impact on nutrient release is often via biological
processes. As result enhanced temperature stimulate the mineralization of organic matter in the sediment and the
release of inorganic phosphate increased in the sediment. Also chemical binding and release can play a very big role
especially if anoxixcity is reported at the water-sediment interface, since Lake Ziway is alkaline in nature so change
in pH causing more release rates of phosphorus. Spatial variability was also evident when comparing SRP and TP
release rates within Lake Ziway sediment. The highest mean SRP and TP release rates were measured from cores
sampled at site F, as compared with other sites; this might be attributed to its location close to the floriculture
industry. There was a higher turbidity in this site indicating high sediment loading with high nutrient
concentration. A similar approach has been suggested for Lake Okeechobee, Florida, where differing phosphorus
release rates are related to sediment characteristics throughout the large, subtropical lake [37 in another lakes in
the world. The negative values showed that phosphorus species generally diffused from the water column to the
sediment where as positive results showed that phosphorus species diffused from the sediment to the water column
and thus played a key role as a source of phosphorus species. Phosphorus in pore water might come from the
degradation of OM in sediment, and the diffusion of phosphorus can be controlled by the concentration gradient in
pore water and the overlying water. Phosphorus fluxes are attributed to the integrative result of dissolution,
diffusion and adsorption/desorption, moreover, might be related to the form of SRP and the redox situation in the
sediment [35]. At the same time, iron hydroxide adsorption/desorption to phosphorus would alter the
concentration of phosphorus [357]. High concentrations of phosphor species were observed the sites F, (near
floriculture industry) in both seasons, which could suggest the overuse of agrochemicals by the floriculture
industry. The fluxes indicated that SRP mainly diffused from sediment to the water column and the sediment was
the sources of SRP. Similar results were reported by Steinman, et al. [57] and Zhang, et al. [357.

As has been documented in aquatic systems in different parts of the world, sediments almost invariably act as
sinks and sources of SRP and TP [87. The same author explained that what varies among ecosystems and sediment
types is the order of magnitude of these internal fluxes and the proportion released into the external loads.
Moreover, Shah, et al. (247 reported that the concentration of phosphorus in shallow lakes is slightly controlled by
external phosphorus loading; however, internal lake processes have a major impact on the functioning of shallow
lakes and proposed few criteria for the lakes having high internal phosphorus loading which include:( i) lake
morphometry (shallow depth, large surface area and long fetch), (ii) intensely agricultural surrounding and (iii)
increase of temperature with elevated pH and decreased light penetration. All these criteria fit to Lake Ziway,

therefore, justify its high internal phosphorus loading.
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Table-2. Lake Ziway sediment TP and SRP release rates incubated in 5 days under anaerobic condition (mg m-*day-').

Dry season Wet season
. . Jan Feb Mar April, _ Ma Jul, x+ Std. Err
S | W 2015 2015 | 2015 2%15 o B Ty 201y5, 2015 B
Fa SRP 32.6 9.09 12.3 0.38 13.57+ 6.82 6.9 0.38 3.63+3.29
Fa TP 116 62.5 59.6 -0.56 59.44+23.86 28.2 -1.54 18.31+10.25
B SRP 0.21 1.64 -4.58 9.09 1.59+2.83 0.70 0. 0.84 + 0.14
B TP 11.8 10.4 20.8 16.4 11.56+4.78 1.31 2.87 2.09 + 0.78
Ka SRP -1.64 1.82 7.20 6.78 3.54+2.12 1.96 -1.81 0.33+0.16
Ka TP -3.08 8.51 7.20 13.1 6.45+3.41 -4.38 -3.01 -3.67+0.66
Mean SRP 6.23+2.81 Mean SRP 1.60+1.15
Mean TP 25.8410.3 Mean TP 3.91+1.50

Note: Positive numbers indicated fluxes out of the sediment and negative numbers indicated fluxes into the sediment.

The TP release rates ranged from -3.08 to 116 mg m~ day~! in Lake Ziway under anaerobic conditions, this
indicated that internal load might be a significant source of phosphorus in the lake ecosystem.

Similar results have been reported by Steinman, et al. [3] that nutrients release from the lake sediment are
ecologically more important than inputs from external nutrient sources because SRP released from sediments often
contains a larger portion of immediate SRP. Steinman, et al. [37; Sondergaard, et al. [417] also reported that
internal phosphorus load can be a significant source of nutrients in shallow eutrophic lakes, and can result in serious
impairment to water quality. Increased release of phosphorus into the water column further stimulates the growth
of algae and cyanobacteria causing nuisance algal blooms [147]. As compared to other lakes, the release rate of SRP
(3.9 mg P m?d) in Lake Ziway was similar to the release rates of SRP of Lakes Alderfen Broad (3.5 mg P m2d-!),
Neagh (4.4 mg P m2d-), Scharmutzelsee (2.6 mg P m2d-') and Long (2.6 mg P m%d-') Table 3.

The SRP release rate of Lake Ziway was higher than Lakes Okeechobee ( 0.83 mg P m d-!') and Beaver
Reservoir (0.31 mg P m2d-') but slightly lower than Lakes Agmon (6.0 mg P m-d-') and Klamath (6.0 mg P m2d-
1), respectively Table 3. The release rate of TP (16.1 mg P m*? d') in Lake Ziway was higher than Lakes White
(3.75 mg P m?d') and Mona (4.44 mg P m*d-') but similar to Lake Spring (15.6 mg P m2d-') Table 3.

Table-3. Comparisons of Phosphorus release from bottom sediments of different lakes.

Lake P release rate (mg P m=d) Reference

Long (WA, USA) 2.6 Steinman, et al. [37]
Klamath (OR, USA) 6.0 Steinman, et al. [37]
Alderfen Broad (UK) 3.5 Steinman, et al. [37]

Neagh (URK) 4.4 Steinman, et al. [37]
Okeechobee 0.83 Fisher, et al. [44]

Beaver Reservoir (USA) 0.31 Sen, et al. [457]
Scharmutzelsee (Germany) 2.6 Kleeberg and Kozerski [467]
Agmon (Israel) 6.0 Kowalczewska-Madura and Goldyn [47]
Ziway 3.9 This study

TP release rate ( mg P m-2d-!)

White 3.75 Steinman, et al. [57]

Mona 444 Steinman, et al. [57]

Spring 15.6 Steinman and Ogdahl [487]
Ziway 16.1 This study

4. CONCLUSION

In this study the spatial and temporal variability of nutrients in depth profiles of sediment samples were
observed. The values of nutrient distributions in depth profiles were higher at the sediment top surface and decline
with depth of the sediment profiles in most of the sampling sites and seasons. From the results internal nutrient
load might be sources of eutrophication of the lake ecosystem. Pore water phosphorus changed distinctly in
different seasons with higher values at the sites near the floriculture industry. The results of the seasonal evaluation
of phosphorus flux from lake sediments showed that sediments were as sources of phosphorus. Therefore, in

shallow eutrophic lakes like Ziway, quantification of internal nutrient load as well as vertical distribution of
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nutrients in sediment profile is a critical issue in identifying management strategy to improve the water quality

conditions. The findings from the current study indicate that internal sources of nutrients to Lake Ziway vary

across time and space. Understanding this variation may help in developing mitigation and restoration strategies

for the lake and other aquatic ecosystems in Ethiopia.
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