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Five-year Changes in Pond Sediment Nutrients and Phosphorus Adsorption-Desorption at  
Minor Clark Fish Hatchery, Kentucky

Brian C. Reeder, Department of Biology and Chemistry, Morehead State University, Morehead, KY 40351

Abstract: Earthen hatchery pond sediments may provide additional nutrients to the water column and act as a sink for nutrients and excess fertiliz-
er. In 2008 and again in 2013 soil nutrient concentrations and phosphorus (P) adsorption were examined in five earthen ponds at Minor Clark Fish 
Hatchery, Kentucky. These ponds are annually filled with oligotrophic water from an upstream reservoir, fertilized, and drained during normal hatchery 
operations. Over time, pond nitrogen (N) and P additions have not kept up with soil losses. Soil extractable P concentrations decreased about an order 
of magnitude between 2008 and 2013. Soil %N decreased by nearly 50% over the same time period. Other soil nutrients (organic carbon, calcium, 
and manganese) remained the same. Soil collected in 2008 desorbed P under normal fish rearing water quality conditions. Using higher isotherm 
P-concentrations on 2013 soils, more P was adsorbed as incubation concentrations increased, with greatest adsorption occurring at the highest loading 
(1500 µg P L –1). Phosphorus adsorption was correlated with concentrations of extractable aluminum and % clay, but not with extractable iron. Soils 
collected in 2013 incubated with unspiked reservoir water still desorbed P to the water, but at a rate an order of magnitude lower than 2008 soils. The 
ability of soils to release P to the water under normal conditions has decreased over time, as pond soils exhausted their extractable and labile P supplies. 
Regular annual flooding and flushing with low ionic strength water has resulted in P depletion in Minor Clark Fish Hatchery pond soils. Given the rela-
tively low contribution of sediments to pond P budgets during fish rearing, lining ponds could be a worthwhile management strategy. 
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Fertilizer has traditionally been used to increase productivity 
in fish ponds (Bennett 1962, Piper et al. 1982, Yan and Yao 1989), 
but years of adding excess nutrients usually result in sediment nu-
trient accumulation. Because earthen pond soils may contribute 
nutrients to pond waters, organic or inorganic fertilization can 
be reduced if the system can maintain adequate fertility internal-
ly (Swingle et al. 1963, Masuda and Boyd 1994, Zhou and Boyd 
2015). In China, organically fertilized fish pond sediments are 
“harvested” and recycled to grow crops as part of an ecological-
ly engineered system (Yan and Yao 1989). Earthen fish ponds are 
considered more desirable than concrete because they provide nu-
trients, and produce higher quality fish. Hatchery managers often 
mechanically disc ponds before filling them, in part to increase the 
soil surface area available to provide nutrients to the water column 
(Piper et al. 1982). 

Hatchery pond fertilization is generally not conducted with an 
in-depth knowledge of the exact nutrient concentrations in filling 
waters or measurements of potential internal loading of nutrients 
by pond sediments. Fertilizer additions may simply be determined 
by using regular checks of Secchi depth as a proxy for fertility and 
algal biomass or estimated based upon historical practices. Chem-
istry of the source water and interactions between source water and 
pond sediments, may be specific to the particular nutrient budget 
of source water and sediment origin and history in each hatchery. 

Pond Sediment Phosphorus and Nutrient Dynamics. Reeder

It would be useful to know how much sediments contribute to 
nutrient budgets during fish rearing. Phosphorus (P) is the most 
important component of primary productivity in freshwater sys-
tems (Schindler 1977, 1978; Smith 1979; Hecky and Kilham 1988), 
and is the key nutrient added to increase primary productivity in 
hatchery ponds. Phosphorus is also dynamic in productive shal-
low-water sediments and interstitial water (Mitsch and Gosselink 
2015). Under-fertilization can result in reduced fish yields; over- 
fertilization with P can have multiple negative consequences to 
fish survival. When P-loading is high, nitrogen (N) is generally be-
comes the next limiting nutrient in freshwater (Lewis et al. 2011). 
Over-fertilization with P without keeping the N loading high can 
create problems because the relative ratio of P to N can determine 
the algal community structure. Low N:P ratios favor N-fixing 
“bluegreen algae” (cyanobacteria) which are generally undesirable 
(Tilman 1977, Smith 1983, Tew et al. 2006, Reeder and Middleton 
2009). Over-fertilization can also result in dissolved oxygen de-
pletion and other problems (Hepher 1962, Middleton and Reeder 
2003). If P additions create hypereutrophic conditions that result 
in sediment and water anoxia, additional P may be released from 
the sediments, perpetuating a lethal positive feedback. 

A variety of factors can affect the adsorption or release of avail-
able P from sediments (Logan 1982). Richardson (1985) showed 
that P sorption and release in shallow sediments was attributable 
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to the concentrations of extractable iron (Fe) and aluminum (Al) 
in shallow flooded soils. Soil P sequestration is enhanced by clay 
colloids and Al oxides in clay (Olsen and Watanabe 1957, Logan 
1982, Miller et al. 1986, He et al. 1997, Penn and Warren 2009), 
and by complexing with cations (Cole et al. 1953, Logan 1982). 
Hatchery ponds are an interesting case, because they may be 
drained and filled multiple times (alternating between aerobic and 
anaerobic chemistry) and may receive large additions of organic 
and inorganic fertilizer. Phosphorus is generally released under 
anaerobic conditions and can be sequestered by sediments or pre-
cipitated out of the water column by cations (e.g., calcium [Ca] and 
Fe) under aerobic conditions (Patrick and Khalid 1974, Sah and 
Mikkelsen 1989, Reddy and D’Angelo 1994, Mitsch and Gosselink 
2015).

The potential past contribution of sediments to hatchery nu-
trient budgets becomes more important if ponds are fitted with 
liners to reduce erosion or seepage losses (Rogge et al. 2003, Ward 
et al. 2011). At Minor Clark Fish Hatchery (Minor Clark), Ken-
tucky, plastic liners have been added to four ponds, eliminating 
sediment nutrient contributions or buffering effects on water qual-
ity. Saengrungruang and Boyd (2014) found that even permeable 
geotextile liners reduced sediment P sorption, and suggested that 
this resulted in greater P water concentrations in lined ponds when 
compared to earthen ponds (which sequestered nutrients). 

There is ample evidence that most fish ponds accumulate nu-
trients (Boyd 1995, Zhou and Boyd 2015). However, many fresh-
water fish hatchery studies have been conducted in regions where 
water alkalinity and nutrient concentrations are much higher than 
those experienced at Minor Clark (often 2- to >10-fold higher 
than source water or fertilized waters). This study examined the 
effects of constant filling and flushing with source water that was 
relatively infertile, with low ionic strength, on Minor Clark pond 
sediment nutrient accumulation. 

The goal was to assess changes in sediment nutrient concen-
trations in Minor Clark ponds and determine how these changes 
might be related to pond sediment characteristics, and the histor-
ical flooding, flushing, and fertilizing. One way to determine if 
some of the fertilizer applied to ponds over time is captured and 
stored by pond sediments would be to examine if the sediments 
have more nutrients at a point in time than they did in the past. 
To assess these changes at Minor Clark, sediment chemistry and 
nutrient concentrations were measured in 2008 and then again in 
2013. To specifically address P dynamics, the ability of the soil to 
bind phosphate ions from the water (ion adsorption) can be eval-
uated under different conditions using P adsorption isotherms. 
Soil’s capacity to adsorb P varies depending upon the nature and 
physiochemistry of the soil colloids, and overlying water’s P con-

centrations. To further clarify why Minor Clark Fish Hatchery 
pond sediments might be a source or sink of P under different 
fertilizer loadings, P isotherms were performed by incubating sed-
iment samples in water with P concentrations normally encoun-
tered during fish rearing. Because adsorption isotherms normally 
evaluate soil sorption capacity using higher concentrations than 
found in normal field conditions at Minor Clark, additional soil 
isotherms were conducted at much higher P concentrations than 
the ponds experience during fish rearing. Absorption-desorption 
characteristics under different P loading scenarios can help deter-
mine if low-nutrient source water was affecting sediment bioavail-
able P retention or release.

Methods
Study Site

Minor Clark is located at the base of Cave Run Lake Dam, in 
Rowan County, Kentucky (38.116802N, 83.548185W). The hatch-
ery was built in 1973 on Licking River floodplain sediments. Mi-
nor Clark ponds are fed by relatively oligotrophic Cave Run Lake 
water (Davis and Reeder 2001), and the water inlet system allows 
managers to take water from different lake levels to regulate tem-
perature. Minor Clark has 82 0.4-ha surface area ponds. These 
ponds were built with sloped bottoms: deep ends are kept about 
1.5 m depth; whereas the shallow end is slightly less than 1 m deep. 
When ponds are filled and rearing fish, pond-waters are usually 
aerated if anoxic conditions are noted or anticipated. In 2008 aer-
ation was accomplished using tractor-driven paddle wheels. Since 
2009, ponds have been aerated electrically using floating regenera-
tive blower systems. Ponds are generally drained overwinter.

Soil Sample Collection
The ponds chosen for this study were picked randomly in 2008 

as part of a college Ecology class laboratory activity. A running av-
erage (performance curve) showed samples from five ponds were 
adequate to obtain a mean concentration for the population. These 
five ponds were sampled again in 2013 using the same methods. 
Sediment samples were taken from three locations in each pond: 
near the middle, and in the deep and shallow sections. Individual 
samples were a mixture of six soil probe samples (about 10 cm 
deep): these six were taken in a star pattern from a point around 
a random site (chosen by throwing the probe over the shoulder). 
The six samples from each point were mixed together on paper. 
Samples were placed in paper soil sample bags, and allowed to 
air dry before being sent to the University of Kentucky (UK) soil 
lab for analyses (pH, extractable P, Ca, and manganese [Mg], %N,  
% organic carbon [C]). The UK soil lab used Malich 3 as an extract-
ing agent for determining bioavailable nutrient concentrations. In 
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2008, extractable Fe, Al, and soil texture were not measured. After 
observing the results of the 2008 P adsorption experiments, these 
analyses were added for 2013 collected soils.

Phosphorus Adsorption-Desorption Measurement
Isotherm analysis requires thoroughly mixing a soil sample with 

water solution containing known P concentrations. After mixing, 
the resulting slurry is filtered or centrifuged to remove the soil, and 
the solution’s P concentration measured to determine how much 
P was adsorbed by the soil. If the solution has more P than before 
mixing with the soil, adsorption is negative (desorbed). Because of 
their physical and chemical structure, soils usually have a high af-
finity for binding phosphate. In general, soils with many available 
physical or chemical anion binding-sites will adsorb most of the 
phosphate available in a solution. As the water P concentrations 
increase, soil adsorption increases until the point that no further 
sites are available to bind the phosphate anion (McBride 1994). 

Phosphorus adsorption isotherms of soil samples were run in 
triplicate for each pond (deep, middle, and shallow zones). One g of 
well-mixed soil was placed in 25 ml of solution in a 50-ml Nalgene 
round bottom incubation tube (soil to solution ratio of 1:25 with 
50% head space). The slurry was placed in an end-over-end spinner 
(about 6 rpm) for 24 h at 24–26 oC (following the recommendations 
of Barrow and Shaw [1979]). The solution was then filtered through 
a 0.45-µm glass fiber filter (Wathman GF/A), and filtered water sol-
uble reactive P (SRP) was measured using the ascorbic acid method 
(Murphy and Riley 1962). The difference in the quantity of phos-
phate present before and after shaking in the equilibrium solution 
was used to calculate P adsorption (µg P g –1 soil).

Because this study was concerned with how the soil respond-
ed to specific real-world conditions, P adsorption isotherm in-
cubations were varied from standard protocols (outlined in Nair 
et al. 1984). Electrolyte concentration can change P adsorption- 
desorption characteristics (Ryden et al. 1977, Barrow et al. 1980); 

therefore, as medium for soil incubation, unsterilized Cave Run 
Lake water was used (conductivity <180 µS cm –1, alkalinity <20 mg 
CaCO3 L –1, SRP <10 µg L –1, inorganic N <400 µg L –1) rather than 
sterile distilled water or sterile artificially buffered water (such as 
0.01 mol L –1 CaCl2 electrolyte). In 2008 these incubations were 
run at relatively low equilibrium solution concentrations (0, 3, 7, 
33, and 65 µg L –1 P) to simulate P concentrations typically found 
in fertilized pond waters during fish rearing (<70 mg L –1, Reeder 
and Middleton 2009). In 2013, higher concentrations were used in 
equilibrium solutions to determine if sorption-desorption would 
vary with more intense fertilization scenarios (8, 96, 150, and 
1500 µg P L –1). 

Data Analyses
Student’s t-tests were used with an alpha level of 0.05 to assess 

differences in mean soil nutrient concentrations between the two 
years. Differences between mean P-adsorption across different 
concentrations were compared with ANOVA using a Fisher’s Least 
Significant Difference test for significance. Correlations were used 
to compare maximum P-adsorption to soil characteristics (ex-
tractable Fe, extractable Al, and % clay). Statistical significance of 
the correlation value was determined using Fisher’s r to z with a 
95% confidence limit. All statistics were calculated using Statview 
4.0 for Macintosh (Abacus Concepts 1992).

Results
Changes in Sediment Conditions between 2008 and 2013

Pond soils were mostly classified as loams with relatively strong 
cation concentrations dominated by Ca. For most of the measured 
parameters, soil conditions were relatively stable over time (Table 1). 
Soil organic matter and nitrogen were present in the normal range 
for Kentucky bottomland alluvial soils. Mean soil pH was similar 
between 2008 and 2013 (Student’s t-test, n = 10, P = 0.15). Major cat-
ions also did not show any changes in mean concentrations between 

Table 1. Soil characteristics in Minor Clark fish hatchery ponds in 2008 and 2013. Concentrations of phosphorus (P), calcium (Ca), manganese (Mg), aluminum (Al), and iron (Fe) are given in mg kg –1. The 
latter two were only measured in 2013, as was textural class composition.

Textural class

P % N % C Ca Mg Al Fe % sand % silt % clay

Pond 2008 2013 2008 2013 2008 2013 2008 2013 2008 2013 2013 2013 2013 2013 2013

6 52 3.2 0.23 0.10 1.6 1.2 1378 1259 141 150 579 461 36 46 19

8 39 3.0 0.14 0.07 1.0 0.7 1071 1162 131 164 692 334 28 51 21

46 26 3.0 0.12 0.06 1.6 1.2 716 721 116 144 572 387 51 35 15

57 43 3.2 0.19 0.09 2.1 1.4 1186 1152 135 109 470 429 56 32 13

58 24 3.1 0.16 0.10 1.5 2.0 824 1131 113 167 590 363 47 37 17

Mean 37 3.1 0.17 0.08 1.6 1.3 1035 1085 127 147 581 395 43 40 17

SE 16 1.4 0.08 0.04 0.7 0.6 463 485 57 66 260 177 19 18 8
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years (Table 1). Mean extractable concentrations of Ca and Mg were 
5% and 15% higher, respectively, but these changes were not sig-
nificant (Student’s t-test, df = 8, P = 0.75 and P = 0.13, respectively). 
Mean percent organic C was 16% lower in the 2013, but again this 
change was not significant (Student’s t-test, df = 8, P = 0.39). 

Two critical soil macronutrient concentrations were lower in 
2013 than in 2008 (Table 1). Mean soil %N was reduced by about 
half (Student’s t-test, df = 8, P = 0.004). Soil extractable P concen-
trations were lower than normally observed in rich bottomland 
soils during both years. Mean extractable P concentrations de-
creased an order of magnitude between years (Student’s t-test, 
df = 8, P = 0.0002). Extractable Al and Fe concentrations in 2013 
were similar to other Kentucky bottomland alluvial soils (Table 1). 

Soil P Adsorption-Desorption Measurements
Soil samples from 2008 released P at the same mean rate (~5 µg 

P g –1) in all incubation concentrations (Table 2, ANOVA, Fisher’s 
LSD >0.05 for all pairs). Like in 2008, soils collected in 2013 in-
cubated in the lowest concentrations (8 µg P L –1) desorbed P but 
at a rate about an order of magnitude less than soils collected five 
years before. Soils from 2013 incubated at higher P concentrations 
than used in 2008 adsorbed P. In 2008, soils mixed in 65 µg P L –1 
released P to the water; however, at similar concentrations (96 µg 
P L –1), 2013 soils adsorbed P. Adsorption capacity of soils collected 
in 2013 incubated at higher P concentrations increased with incu-
bation solution P-concentrations. 

Soil adsorption in the1500-µg P L –1 solution was correlated 
with extractable Al (r = 0.724, P = 0.003) and % clay (r = 0.734, 
P = 0.002), but not to extractable Fe (r = –0.400, P = 0.143). Other 
soil variables (Ca, Mg, and pH) were not correlated with maxi-
mum P adsorption 

Discussion
Loss of Soil Nutrients Over Time

Hatchery ponds are generally dependent upon external addi-
tion of nutrients (fertilization) to create primary production suf-
ficient to grow fish. Decades of pond fertilization should result 
in high pond sediment nutrient concentrations. This study found 
that nutrient concentrations in sediments from ponds filled with 
low ionic strength, low nutrient source water lost nutrients be-
tween a 5-year period, despite annual organic and inorganic fertil-
izer additions. Managers in ponds with low nutrient, low alkalinity 
source water may find that more fertilization is required over time 
to maintain production, as sediments lose their ability to contrib-
ute to the water column nutrient budget.

Loss of sediment P is usually the result of “internal loading” 
which happens in eutrophic systems when anaerobic sediments 
release P (Mitsch and Gosselink 2015). Excess P should never be 
added to a hatchery ponds in concentrations that would create this 
potentially deadly feedback on pond dissolved oxygen and P-con-
centrations. Hatchery managers endeavor to keep water column 
DO concentrations high which creates high-redox aerobic con-
ditions that should result in sediment P accumulation, not loss. 
Accumulation of sediment nutrients over time could be desirable 
to hatchery managers since nutrient-rich pond sediments can pro-
vide some N and P by dissolution which can reduce the need for 
fertilizer (Saengrungruang, and Boyd 2014, Zhou and Boyd 2015).

Continually filling and draining Minor Clark ponds with low 
ionic content water reduced P and N concentrations without alter-
ing concentrations of other major soil cations (Ca and Mg), with-
out causing changes in soil pH, and without accumulating organ-
ic C. This contrasts to most studies of hatchery and wetland soils 
where C, N, and P are sequestered in soils and sediments (Boyd 
and Munsiri 1996, D’Angelo 2005, Mitsch and Gosselink 2015, 
Zhou and Boyd 2015). The loss of P over time was most dramatic 
in the present study, with soil P concentrations decreasing an order 
of magnitude over just five years. Fertilization was not sufficient 
to replace soil N and P losses. Phosphorus losses can be explained 
by examining the soil adsorption data. The 2008 soils had higher 
P than in 2013, allowing greater losses of labile P from the soil to 
the water. As the labile pool of P in the soil was “mined” by the 
overlying water over time, reduced P stocks decreased the ability 
of the soils to desorb P.

Minor Clark pond soils desorbed P when incubated in concen-
trations where most soils adsorb almost all the available P (Nair 
et al. 1984, Sah and Mikkelsen 1989, Reddy and D’Angelo 1994) 
including soils in other hatcheries (Masuda and Boyd 1994, Boyd 
and Munsiri 1996, Tepe and Boyd 2002, Zhou and Boyd 2015). Ni-
trogen losses from aerobic sediments can be expected, but labile P 

Table 2. Soil P-adsorption isotherms for Minor Clark Fish Hatchery ponds at various water P 
concentrations (µg L–1) in 2008 and 2013.

2008 2013

Pond
0 7 33 65 8 96 160 1500

6 –0.4 –4.4 –5.7 –5.3 –0.4 1.1 3.8 37.0

8 –2.6 –2.5 –3.5 –3.4 –0.2 1.6 3.7 38.0

46 –1.8 –1.8 –3.4 –3.6 –0.5 1.4 3.7 36.0

57 –5.6 –6.5 –6.7 –7.4 –0.8 0.4 2.6 33.0

58 –4.6 –6.0 –6.2 –6.5 –0.5 1.2 3.5 35.0

Mean –3.0 –4.3 –5.1 –5.2 –0.5 1.1 3.5 36.0

SE 0.9 2.1 1.6 1.8 0.1 0.5 0.5 2.0
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tends to bind tightly with various soil components (Stumm and 
Morgan 1996, Mitsch and Gosselink 2015).

Potential Soil Characteristics Determining P Sediment-Water Dynamics
The 2008 P sorption experiments were probably run at too low 

of concentrations and too little range to gain information about P 
soil adsorption dynamics. The P-depleted sediments absorbed P at 
concentrations similar to when P was released in 2008, suggesting 
that more P adsorption sites are available, as labile P was removed 
from sediments over time. Unlike most studies, Minor Clark soils 
were a source of P, rather than a sink of P at regularly utilized iso-
therm solution P concentrations. This is probably realistic in terms 
of what conditions are occurring over Minor Clark pond sedi-
ments during filling and fish rearing. The loss of available P over 
time supports this theory. Comparisons of sorption between 2008 
and 2013 showed that as the soils have lost available P, their ability 
to act as a P source decreased about an order of magnitude. The 
sediment P was removed as fish were harvested, or as dissolved P 
and plankton flushed out when the ponds were drained.

Adsorption at high P concentrations in the 2013 soils demon-
strates that Minor Clark pond soils had ample available sites to 
sorb and adsorb P, but only if loading or ionic concentrations were 
increased. Minor Clark pond soils had a high cation exchange ca-
pability and likely had many potential sites for P sorption. The low 
P and ionic concentrations in the source water resulted in P re-
lease rather than adsorption at water P concentrations normally 
encountered when rearing fish at Minor Clark (Reeder and Mid-
dleton 2009). 

Phosphate is generally bound to sediment and will preferentially 
bind to soil colloids, especially soils high in Al, Fe, and clay (Russell 
and Low 1954, Olsen and Wantabe 1957, Logan 1982, Richardson 
1985, Miller et al. 1986, He et al. 1997, Mitsch and Gosselink 2015). 
However, adsorption only occurred at high loading rates in Minor 
Clark pond soils. The highest P adsorption rates observed in this 
study (>30 µP g –1) were greater than those reported in many other 
studies. For example, Lefrancois et al. (2010) found a maximum 
adsorption of 1.32 mg P g –1. Nair et al. (1984) examined various 
soils from across the United States and measured adsorption of 
0.8–1.0 µg P g –1 in clay and silt loams incubated at 0–6.45 µmol P. 
They measured adsorption of 1–8 µg P g –1 at 16–323 µmol P con-
centrations. These comparisons support the idea that Minor Clark 
soils have great capacity to adsorb excess fertilizer. Phosphorus ad-
sorption in Minor Clark soils is most likely facilitated by Al oxides 
and clay but not Fe. Although low pH can contribute to P release 
by sediments, pH in Minor Clark ponds was not as acidic as those 
where pH caused release (Penn and Warren 2009). 

The release of P by shallow productive anaerobic soils is well 

understood, and mostly determined by dynamics with P bound 
to Fe and sediment redox (Richardson 1985, Stumm and Mor-
gan 1996, Mitsch and Gosselink 2015). The capacity to release 
P in Minor Clark pond sediments under oxidizing conditions is 
somewhat unusual. One could expect to observe P removal from 
the water and sequestration in sediment when managing ponds to 
keep water aerated (aerobic, high redox conditions) or when com-
bined with available sorption sites and plentiful oxidized Fe in the 
water and sediment. But Minor Clark’s source water has low fer-
tility with no to little P in the water; therefore, there is not much P 
available to be precipitated out of the water column or sequestered 
by sediments. Instead, the chemistry of the source water causes 
Minor Clark pond soils to release P, in the absence of anaerobic 
conditions, as long as water P concentrations and ionic composi-
tion are low. 

The P isotherm results in this study were unusual but not un-
precedented. Laboratory experiments with various wetland soils 
by Patrick and Khalid (1974), found a dynamic similar to these 
observations. In their experiments, P was desorbed in no-P equi-
librium solutions (0 mg P L –1), but was adsorbed strongly, mostly 
to hydrated ferric oxide complexes, in high concentrations of P 
(100 mg L –1). This effect was seen even in alluvial soils with low 
native P, similar to the soils in Minor Clark ponds. As expected, 
soil P release was higher under anaerobic conditions than aerobic, 
but the mechanism for release still existed in aerobic conditions if 
native P in the water was low.

Implications for Pond Nutrient Management and Liners
It appears that Minor Clark pond soils have ample capacity to 

absorb P fertilizer if the concentration gradient is high enough, 
but when no P is available they become a source. This would seem 
to provide a buffer system; however, a buffer to absorb excess P is 
not needed in Minor Clark ponds because managers do not add 
enough P from organic and inorganic fertilizer during fish rearing 
to require the soils to adsorb excess nutrients. Minor Clark pond 
sediments should only act as sinks for P if they are over-fertilized. 

As suggested by others (Boyd 1995, Zhou and Boyd 2015), 
earthen sediments can contribute P and other nutrients to the wa-
ter column in hatchery ponds, reducing the need for excess fertil-
izer. Earthen ponds are considered more desirable than imperme-
able or semipermeable lined ponds because the sediments can act 
as a buffer and sequester excess nutrients, reducing fluctuations 
in algal growth cycles (Boyd 1995). If pond sediments can pro-
vide sufficient P for fish growth, P-fertilization could be reduced 
or even eliminated. Lowering water column P concentrations by 
reducing P-fertilization is not only cost effective but is often ben-
eficial by reducing potentially lethal DO fluctuations (Middleton 
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and Reeder 2003) and by encouraging the growth of helpful algae 
(Smith 1983, Tew et al. 2006). 

At Minor Clark, and potentially at other hatcheries with low 
ionic strength water, sediments may have contributed some P to 
the water column but the contribution of soils to the pond nutrient 
budget may become less significant over time. This would suggest 
that at these hatcheries, earthen sediments may not be critical to 
successful fish rearing and some outside source of P may be need-
ed either as organic or inorganic fertilizer. Primary productivity in 
low alkalinity waters in the Minor Clark region have been demon-
strated to be P-limited (Reeder 2017), but excess P could be con-
tributed by organic fertilizer alone (Reeder and Middleton 2009). 

At Minor Clark, seepage water losses from ponds were severe 
enough to require that some ponds be lined. If pond sediments are 
an important buffer or nutrient contributor, they could alter fertil-
ization regimes and water additions during fish rearing. The results 
of this study suggested that Minor Clark and similar hatcheries with 
pond sediments that are not significant contributors of limiting 
nutrients could be good candidates for the installation of a lining 
without causing radical changes to rearing strategies. Lining ponds 
can have a number of advantages since linings reduce growth of un-
desirable emergent vegetation, seepage water loss, potential erosion, 
and loss of fertilizer to the sediment. Earth is probably not necessary 
in Minor Clark ponds as Minor Clark ponds are not functioning in 
water with high ionic strength and sediments do not contribute the 
most important nutrient to the ponds in high concentrations. 

Minor Clark has a good record of success rearing fish (Reeder 
and Middleton 2009) and could benefit from lining ponds. Rela-
tively low additions of P and N have traditionally been required to 
maintain the fishery, which minimizes the impacts of hypereutro-
phication or establishment of low N:P ratios created by P release 
from the sediments. This study suggested that sediments are not 
an important component of P dynamics in the Minor Clark ponds. 
Lined ponds could make the effect of fertilizer additions easier to 
predict since there is no confounding interaction with sediments. 
Other hatcheries interested in lining ponds to reduce water losses 
may want to examine the role of sediments to nutrient budgets to 
determine if fertilization will be sufficient without contributions 
from sediments. If the hatchery has high-nutrient source water or 
high P contributions from sediments, nitrogen additions may be 
more important than P additions to reduce the chance of DO de-
pletion and to reduce blooms of undesirable blue-green algae. 

Acknowledgments
Sarah Brewer, C. S. Nelson, and M. A. Anteau provided invalu-

able field and laboratory assistance. We also appreciate the help 
and cooperation of the Minor Clark Fish Hatchery staff, especially 
Rod Middleton.

Literature Cited
Abacus Concepts. 1992. Statview. Abacus Concepts, Berkley, California.
Barrow, N. J., J. W. Bowden, A. M. Posner, and J. P. Quirk. 1980. Describing the 

effects of electrolyte on adsorption of phosphate by a variable charge sur-
face. Australian Journal of Soil Research 18:395–404.

——— and T. C. Shaw. 1979. Effects of solution: soil ratio and vigour of shak-
ing on the rate of phosphate adsorption by soil. Journal of Soil Science 
30:67–76.

Bennett, G. W. 1962. Management of Artificial Lakes and Ponds. Reinhold 
Publishing Corp., New York, New York. 

Boyd, C. E. 1995. Bottom soils, sediment, and pond aquaculture. Chapman 
Hall, New York, New York. 

——— and P. Munsiri. 1996. Phosphorus adsorption capacity and availability 
of added phosphorus in soils from aquaculture areas in Thailand. Journal 
of the World Aquaculture Society 27:160–167.

Cole, C. V., S. R. Olsen, and C. O. Scott. 1953. The nature of phosphate sorp-
tion by calcium carbonate. Soil Science Society of America Proceedings 
17:352–356.

Davis, S. E. and B. C. Reeder. 2001. Spatial characterization of water quality 
in seven eastern Kentucky reservoirs using multivariate analyses. Aquatic 
Ecosystem Health and Management 4:463–477.

D’Angelo, E. M. 2005. Phosphorus sorption capacity and exchange by soils 
from mitigated and late successional bottomland forest wetlands. Wet-
lands 25:297–305.

He, L. M., L. W. Zelazny, V. C. Baligar, K. D. Ritchey, and D. C. Martens. 1997. 
Ionic strength effects on sulfate and phosphate adsorption on γ-alumina 
and kaolinite: Triple-layer model. Soil Science Society of America Journal 
61:784–793. 

Hecky, R. E. and P. Kilham. 1988. Nutrient limitations of phytoplankton in 
freshwater and marine environments: a review of recent evidence on the 
effects of enrichment. Limnology and Oceanography 33:796–882.

Hepher, B. 1962. Primary production in fishponds and its application to fertil-
ization experiments. Limnology and Oceanography 7:131–136.

Lefrancois, P., P. Jaume, C. Florent, and Y. Comeau. 2010. Minimizing phos-
phorus discharge from aquaculture earth ponds by a novel sediment re-
tention system. Aquacultural Engineering 43:94–100.

Lewis, W. M, W. A. Wurtsbaugh, and H. A. Paerl. 2011. Rationale for control 
of anthropogenic nitrogen and phosphorus to reduce eutrophication of 
inland waters. Environmental Science and Technology 45:10300–10305.

Logan, T. J. 1982. Mechanisms for release of sediment-bound phosphate to 
water and the effects of agricultural land management on fluvial trans-
port of particulate and dissolved phosphate. Hydrobiologia 92:519–530.

Masuda, K. and C. E. Boyd. 1994. Phosphorus fractions in soil and water 
aquaculture ponds built in clayey Ultisols at Auburn, Alabama. Journal of 
the World Aquaculture Society 25:379–395.

McBride, M. M. 1994. Environmental Chemistry of Soils. Oxford University 
Press, New York, New York. 

Middleton, R. J. and B. C. Reeder. 2003. Dissolved oxygen fluctuations in 
organically and inorganically fertilized walleye (Stizostedion vitreum) 
hatchery ponds. Aquaculture 219:337–345.

Miller, J. W., T. J. Logan, and J. M. Bigham. 1986. The adsorption of o-phos-
phate on alumina: A solid solution model. Soil Science Society of Ameri-
ca Journal 50:609–616.

Mitsch W. J. and J. G. Gosselink. 2015. Wetlands. Fifth Edition. Wiley. Hobo-
ken, New Jersey.

Murphy, J. and J. Riley. 1962. A modified single solution method for the deter-
mination of phosphate in natural waters. Analytica Chemica Acta 27:31.

Nair, P. S., T. J. Logan, A. N. Sharpley, L. E. Sommers, M. A. Tabatabai, and T. L. 
Yuan. 1984. Interlaboratory comparison of a standardized phosphorus 
adsorption procedure. Journal of Environmental Quality 13:591–595. 



Pond Sediment Phosphorus and Nutrient Dynamics Reeder  77

2018 JSAFWA

Olsen, S. R. and F. S. Watanabe. 1957. A method to determine a phosphorus 
adsorption maximum of soils as measured by the Langmuir isotherm. 
Soil Science Society of America Proceedings 21:144–149.

Patrick, W. H. and R. A. Khalid. 1974. Phosphate release and sorption by 
soils and sediments: effect of aerobic and anaerobic conditions. Science 
186:53–55.

Penn, C. J. and J. G. Warren. 2009. Investigating phosphorus sorption onto 
kaolinite using isothermal titration calorimetry. Soil Science Society of 
America Journal. 73:560–568.

Piper, R. G., I. B. McElwain, L. E. Orme, P. P. McCraren, and L. G. Fowler. 1982. 
Fish Hatchery Management. U.S. Department of Interior, Fish and Wild-
life Service, Washington, D.C. 

Reddy, K. R. and E. M. D’Angelo. 1994. Soil processes regulating water quality 
in wetlands. Pages 309–324 in W. J. Mitsch, editor. Global Wetlands: Old 
World and New. Elsevier Science, New York, New York.

Reeder, B. C. 2017. Primary productivity limitations in relatively low alkalin-
ity, high phosphorus, oligotrophic Kentucky reservoirs. Ecological Engi-
neering 108:477–481.

——— and R. J. Middleton. 2009. Advantage of organic supplementation of 
inorganic fertilizer in walleye (Sander vitreus) hatchery ponds at Minor 
Clark Fish Hatchery, KY. Journal of the Kentucky Academy of Science 
70:152–161.

Richardson, C. J. 1985. Mechanisms controlling phosphorus retention capaci-
ty in freshwater wetlands. Science 228:1424–1427.

Rogge, M. L., A. A. Moore, and J. E. Morris. 2003. Organic and mixed organ-
ic-inorganic fertilization of plastic-lined ponds for fingerling walleye cul-
ture. North American Journal of Aquaculture 65:179–190.

Russell, G. C. and P. F. Low. 1954. Reaction of phosphate with kaolinite in di-
lute solution. Soil Science Society of America Proceedings 18:22–25.

Ryden, J. C, J. K. Syers, and J. R. McLaughlin. 1977. Effects of ionic strength on 
chemisorption and potential-determining sorption of phosphate by soils. 
Journal of Soil Science 28:62–71. 

Saengrungruang, P. and C. E. Boyd. 2014. Evaluation of porous, geotextile 
liners for erosion control in small aquaculture ponds. North American 
Journal of Aquaculture 76:369–374.

Sah, R. N. and D. S. Mikkelsen. 1989. Phosphorus behavior in flooded-drained 
soils I. Effects on phosphorus sorption. Soil Science Society of America 
Journal 53:1718–1722.

Schindler, D. W. 1977. Evolution of phosphorus limitation in lakes; natural 
mechanisms compensate for deficiencies of nitrogen and carbon in eu-
trophied lakes. Science 195:260–262.

———. 1978. Factors regulating phytoplankton production and standing 
crop in the world’s freshwaters. Limnology and Oceanography 23:478–
486.

Smith, V. H. 1979. Nutrient dependence of primary productivity in lakes. 
Limnology and Oceanography 24:1051–1064.

———. 1983. Low nitrogen to phosphorus ratios favor dominance by blue-
green algae in lake phytoplankton. Science 221:669–670.

Stumm, W. and J. J. Morgan. 1996. Aquatic Chemistry 3rd Ed. McGraw Hill, 
New York, New York.

Swingle, H. S., B. C. Gooch, and H. R. Rabanal. 1963. Phosphate fertilization 
of ponds. Proceedings of the Annual Conference of the Southeastern As-
sociation of Game and Fish Commissioners 17:213–218.

Tepe, Y. and C. E. Boyd. 2002. Sediment quality in Arkansas bait minnow 
ponds. Journal of the World Aquaculture Society 33:221–232 

Tew, K. S., J. D. Conroy, and D. A. Culver. 2006. Effects of lowered inorganic 
phosphorus fertilization rates on pond production of percid fingerlings. 
Aquaculture 255:436–446

Tilman, D. 1977. Resource competition between planktonic algae: an experi-
mental and theoretical approach. Ecology 58:338–348

Ward, M. J., C. Upoff, J. Stane, B. Borah, A. Henry, J. Billings, and B. Johnson. 
2011. Walleye fingerling culture in earthen and ethylene propylene diene 
monomer-lined ponds. North American Journal of Aquaculture 73:1–7

Yan, J. and H. Yao. 1989. Integrated fish culture management in China. Pages 
375–408 in W. J. Mitsch, W. J. and S. E. Jørgensen, editors. Ecological En-
gineering: An Introduction to Ecotechnology. J. Wiley, New York, New 
York.

Zhou, L. and C. E. Boyd. 2015. Bluegill yield in response to nitrogen and phos-
phorus versus phosphorus-only fertilization in ponds at different times 
since sediment removal. Aquaculture 446:7–11.




