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I. INTRODUCTION 

Phosphorous (P) is an extremely important nutrient in freshwater aquatic systems, 

and is generally in higher demand than any other element in driving the production in 

lakes and reservoirs (Wetzel 2001). Reservoirs are the dominant sources of surface 

waters in the western and southeastern U.S. because of a paucity of natural lakes 

(Thornton 1990), and therefore represent a very important resource for human 

populations and important ecosystems. Reservoirs also play a significant role in altering 

the ecology of river-watershed ecosystems.  Maavara et al. (2015) found “…in 2000, 

12% of the global river phosphorus load was retained in dam reservoirs.” This quantity 

had doubled since 1970 with the large increase in large dams worldwide.  The purpose of 

this study is to evaluate the spatial and functional distribution of total phosphorus (TP) 

and forms of P in surface sediments of reservoirs. I will also be evaluating other 

physiochemical characteristics of the sediments in order to better understand this 

distribution.  

The complexities of P dynamics in freshwater ecosystems have garnered much 

attention over the past 75 years. Over time, our understanding has evolved considerably. 

The earliest models of P cycling (diagenesis) considered oxygen to be the controlling 

factor for P retention or release from sediments (e.g. Einsele 1936 and 1938, as cited by 

Hupfer 2008 and Kalff 2002; Mortimer 1941 and 1942, as cited by Hupfer 2008 and 

Kalff, 2002). More specifically, it was determined that a sediment redox potential of 

~200mV is the threshold between oxidizing and reducing conditions for iron ( Fe) and 

phosphate (PO4), which controls P release vs. P retention when conditions change from 

anoxic to oxic during hypolimnetic mixing (and from retentions under oxic conditions to 
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release under anoxic conditions during seasonal stratification). Under oxic conditions P is 

easily absorbed onto FeOOH flocs (termed iron oxyhydroxide phosphate complexes, 

FeOOH≈P) in the water column. The FeOOH≈P settling on the sediment surface then 

forms a physical barrier between sediments and the water column at the sediment-water-

interface. This barrier effectively adsorbs P released from decaying organic matter, as 

well as PO4 released from deeper sediments, thereby preventing release to the water 

column even in the presence of a strong diffusion gradient. 

An important feature of the Einsele-Mortimer model was that it recognized a 

connection (interdependence) between the Fe and P cycles. Hansler and Einsele (1948, as 

cited by Kalff, 2002) later realized that the sulfur cycle was also connected to the 

phosphorous cycle. It was determined that sulfate ( SO4
-2

), after reduction by 

microorganisms to sulfide (HS
-1

), combines with iron to form iron sulfide (FeS), which is 

highly insoluble. This permanently immobilizes the Fe, thereby at least partially 

decoupling the Fe and P cycles. P released by this mechanism is greatest in calcareous 

systems with relatively high SO4:Fe ratios, when compared to systems with granitic 

basins with much lower SO4:Fe ratios (Kalff 2002). 

More recent research has led to the consideration of additional factors associated 

with P cycling; including temperature (Jensen et al. 1992), biological interactions (Zhou, 

1995 and 2001; Bostrom et al. 1988; Kapanen 2008; Gachter et al. 1988; Prepas and 

Burke, 1997), sedimentary physical composition (Kapanen, 2008; Siwek, 2010), 

sediment particle size (Pacini and Gachter 1999; Kapanen 2008), and the Fe:P ratio in 

sediments (Bostrom et al. 1982, as cited by Kalff 2002). In light of the extensive research 

in the past several decades, P dynamics are now known to be not nearly as 
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straightforward as was once thought. A recent review (Hupfer and Lewandowski 2008) 

concludes that P release from sediments is a complex process, involving multiple 

potential mechanisms and environmental conditions, which are highly dependent upon 

sediment composition and mobilization processes. Hupfer and Lewandowski focus on 

mechanisms responsible for exceptions to the paradigm that P retention and release are 

controlled mainly by dissolved oxygen, especially in oligotrophic lakes and calcareous 

hardwater systems. 

P partitioning is another consideration in P cycling, and is strongly influenced by 

sedimentary physical composition; including CaCO3, clastics, and OM content. Several 

recent studies have found correlations between P and these sedimentary fractions. Siwek 

(2010) found that major differences in P partitioning can result from differing OM 

content, and indicated that sediment type was largely important. Jensen et al. (1998) 

showed lithology to be important, indicating that CaCO3 acts as a major P sink. Others 

have come to similar conclusions (Kapanen 2008; Pacini and Gachter 1999). 

Strong correlations have also been found between some metals and P, as well as 

among metals (Ca, Fe, Al, Mg, Mn) in sediments. Sondergaard et al. (1996) found strong 

correlations between P and Fe, and determined that FePO4 (and its reduced form, 

vivinite) were permanent P sinks; and that sequestration of P as apatite (CaPO4) occurs 

with high pore-water P. Kaiserli et al (2002) showed the most important P-binding 

elements to be Ca, Mg, Fe, Mn and Al. Siwek (2010) found soluble reactive phosphorous 

(SRP) to be strongly positively correlated to Ca, and non-reactive phosphorous (NRP) to 

be mostly strongly bonded to multivalent ions such as Al, Fe and Ca in surface 
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sediments. Earlier work showed similar relationships (e.g. Lopez and Morgui 1993; 

Abraham 1998). 

It is well-established that water chemistry and the physiochemical composition of 

sediments are controlled by the geology and land use practices of the drainage basin (e.g. 

Gibbs 1970; Dean and Ghoram 1976; Ground and Groeger 1994; Sondergaard et al. 

1996; Ulrich 1997; Abraham 1998; Pacini and Gachter 1999; Routh et al. 2004; Branom 

and Sarkar 2004; Burkholder et al. 2007; Fisher et al. 2009). Reservoirs receiving waters 

from multiple sources are therefore expected to have characteristically distinct water 

chemistry and sediment composition in different parts of the reservoir. 

Because of its elemental nature, most of the TP in flowing rivers is associated 

with particulate matter (Likens et al. 1977), and therefore annual loads of TP to a 

reservoir tend to be higher in year when there are many storms. Inflowing particulate 

matter settles to the bottom as surface sediments. Sedimentation rates are highest in the 

transition zone in reservoirs, where water velocities decrease and heavier particulates 

settle out of the water column following the modified Stokes equation (Hutchinson 1967; 

Kalff 2002). The Stokes equation mathematically describes why the majority of eroded 

catchment basin material is deposited in the transition zone in the upstream reach of a 

reservoir based upon settling velocities of suspended particulates. The equation also 

explains why smaller particulates are able to travel further downstream before settling to 

the benthos. 

Located within the transition zone is a limnological water column structure often 

referred to as the “plunge point.” The plunge point is a convenient limnological marker 
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that can be used to define the upstream boundary of the transition zone (Ford 1990). At 

the plunge point, particulate laden, nutrient rich river waters plunge down into deeper 

waters following the density gradient of the reservoir water column structure. Part of the 

suspended load and associated nutrients are deposited at the sediment surface-water 

interface. Inflow of eroded catchment basin material delivers most of the TP and other 

sedimentary constituents to reservoirs (e.g. Prairie and Kalff 1988; Pacini and Gachter 

1999; Kalff 2002). I predict that sedimentary TP will be the greatest in upstream 

sedimentation zones (directly downstream of the plunge point) within these reservoir 

ecosystems. 

High rates of calcite (CaCO3) precipitation are associated with the hardwater nature 

of systems flowing over the Edwards Plateau and central Texas. Calcite is also delivered 

as suspended particulates in eroded catchment basin material. This is a common 

characteristic of lake and reservoir ecosystems in limestone catchment basins (Gibbs 

1970; Gibbs 1992; Dean and Gorham 1976; Gorham et al. 1983). One form of P in 

sediments is bound to calcium in various forms of calcium phosphate; such as 

Ca2(H2PO4)2, CaHPO4, and Ca3(PO4)2. Ca-bound P is often the greatest P fraction in 

sediments (e.g. Siwek, 2010; Jensen 1998). 

Chemical fractionation of sediments is used to describe the different operational 

forms of P that are present. The different operational phases are differentially affected by 

changes in water chemistry, such as those associated with seasonal mixing and 

stratification. For example, when the water column is stratified, hypolimnetic waters 

below the thermocline become anoxic, and bacterial respiration causes CO2 to 

accumulate. As a result of anoxia and elevated CO2 the waters become more acidic, with 
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lower reducing potential.  Ca-bound P and Fe-bound P are two forms of P affected by 

these conditions. Due to the high rates of calcite precipitation, I predict that sedimentary 

calcite and Ca-bound P in these hard water systems will be dominant in the surface 

sediments. 

The higher the productivity of a freshwater ecosystem, the more OM is produced 

within the system, and therefore available for sedimentation. Research suggests that when 

comparing reservoirs to each other, the trophic status of the system is not a good 

predictor of average TP in sediments. (Moosmann et al. 2006). When comparing 

reservoirs to each other, other factors frequently have a greater influence on the P content 

and fractionation in the sediments (Hupfer and Lewandowski 2008). However, within a 

particular reservoir higher TP may be associated with sites having higher OM content in 

sediments. This is possible because much of the TP in any system is held within the 

living (Hupfer et al. 2007; Rietzel et al. 2007), as well as dead and decaying OM (Sinke 

et al. 1990; Kleeberg 2002; Eckert et al. 2003 and Rietzel et al. 2007). Therefore, I 

predict that sedimentary TP will be highest at sites with highest sediment OM. 
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II. STUDY SITES 

Amistad International Reservoir 

Amistad International Reservoir (hereafter referred to as L. Amistad) (Latitude 

29° 27′ 1″ N, Longitude 101° 3′ 28″ W) is a large, deep, mainstream, hydroelectric power 

generation and storage reservoir located in the arid southwest of the United States, in 

northwest Texas. Construction of the dam started in December, 1964; and was completed 

in November, 1969. The release dam is located less than one kilometer downstream 

(south) of the confluence of the Rio Grande River with the Devils River. L. Amistad is a 

critical freshwater resource for agricultural and urban water usage for local communities. 

It also serves these needs for many communities and farmlands further downstream, 

extending all the way to the Texas Gulf Coast.  

L. Amistad has the following average surface water characteristics (Groeger and 

Gustafson 1994; Becker et al. 2011; Groeger, personal communication from unpublished 

data). Surface area is approximately 263 km
2
, with a mean depth of 16.5 m at 

conservation pool elevation (340.5m ASL). It is considered to be oligotrophic 

(chlorophyll a <1.5 mg/L), and has a relatively high alkalinity (2–4 meq/L), average pH 

that is above neutral pH (8.0), very low water column DOC (<1.0 mg/L), and only a 

small percentage of littoral zone and wetland area. The reservoir straddles the border 

between Texas, USA and Coahuila, Mexico. It is sourced by the Rio Grande River (68% 

of total inflow) and Pecos River (13% of total inflow) northwest of the dam; and the 

Devils River (19% of total inflow) northeast of the dam. Inflows are based upon long-

term, median surface water inflows (Groeger, personal communication and unpublished 
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data). It is considered to be oligotrophic (Groeger, personal communication). The L. 

Amistad basin drains the trans-Pecos and the Chihuahuan Desert, as well as the westward 

(Rio Grande River basin) and eastward (Pecos River basin) sides of the southern extent of 

the Rocky Mountains. It has the second largest drainage basin in Texas, at approximately 

323,642 km
2
 (Benke and Cushing 2005). 

 

 

Figure 1. Satellite image of Amistad International Reservoir with sample sites labeled 

(Google Earth, 2006). 

 

The Rio Grande River headwaters are located in south central Colorado, at the 

southern end of the Rocky Mountains. The river flows south out of Colorado, through 

New Mexico to Texas. Much of the drainage basin in this area is comprised of three 

major geological classes: 1) Precambrian granite, quartzite, schist, and gneiss, 2) 
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Paleozoic marine carbonates, volcanics, and clastic sedimentary rocks, and 3) Mesozoic 

and Cenozoic clastic sedimentary rocks and volcanic rocks (Robson and Banta 1995). 

Much of this type of bedrock material is characteristically high in non-carbonate clastics 

content and relatively low in CaCO3 (Dietrich and Skinner 1979). Inflow of suspended 

particulates in the Rio Grande arm of the reservoir is highly influenced by these basin 

materials. In Texas, the Rio Grande River forms the southernmost border between the 

United States and Mexico, as well as the border between Mexico and Texas, where it 

empties into the Gulf of Mexico. The length of the river is approximately 3,050 km, with 

a watershed of approximately 472,000 km
2
 according to the Texas Water Development 

Board (TWDB, http://www.twdb.texas.gov/surfacewater/rivers/river_basins/index.asp). 

The Pecos River headwaters are located in north central New Mexico; near the 

city of Pecos, NM. The basin material in this area is primarily composed gravel, sand, 

silt, and clay; with some deposits containing caliche (Ryder 1996). Suspended 

particulates in the Rio Grande arm of the reservoir reflect the nature of the drainage 

basin. The Pecos River flows south through New Mexico to northwest Texas, where it 

joins the Rio Grande River just north of L. Amistad. It is approximately 1,490 km long, 

and has a watershed approximately 115,000 km
2
 (Kammerer 1990). 

The Devils River headwaters are located in northwest Texas, in Sutton County, 

where it flows southwest for approximately 151 km, before emptying into L. Amistad 

(International Boundary and Water Commission, 2005). The river runs through a remote 

section of harsh, arid terrain, with very little anthropogenic disturbance. The basin 

material is comprised of various limestone formations in karstic terrain; including 

Edwards Limestone, Devil’s River Limestone and Buda Limestone (USGS 2000; Barnes 



10 
 

1981). The river sinks and remerges as it flows through the karstic terrain. Dissolution of 

the limestone basin material saturates the waters in Ca
+2

 and HCO3
-
, and is characteristic 

of freshwater systems flowing over the Edward’s Plateau. This basin material is much 

different than the basins of the Rio Grande and Pecos rivers, so inflows of suspended 

particulates are also much different than those from the other rivers. After sinking, the 

waters flow as an underground river for several kilometers before remerging to the 

surface. The remote location and the cleaning of the waters as the water filters through 

sand and limestone underground create pristine water conditions. 

Each of the contributing surface water sources to L. Amistad are characterized as 

different from one another in water chemistry and sediment load (Groeger and Gustafson 

1994, Becker et al. 2011). Compared to the other two rivers, the waters of the Devils 

River have fairly high average alkalinity (~3.0 - 4.0 meq/L) and average pH above 

neutral (~8.0). The Rio Grande River is very turbid (90 NTU), with intermediate salinity 

(1155 µS/cm).  The Pecos River has comparatively very low turbidity (1.5 NTU) and 

high salinity (3120 µS/cm). The Devils River is a low saline, hard water river with very 

low turbidity (1.4 NTU), and relatively low specific conductance (384 µS/cm) compared 

to the other tributaries. Another difference between the water sources are the particular 

ions contributing to specific conductivity. Specific conductance in the Rio Grande and 

Pecos rivers is mostly attributable to highly soluble salts. This is in contrast to the 

specific conductance of the Devils River, which is due to high concentrations of 

dissolved Ca
+2

 and HCO3
-
, as is characteristic of other rivers in the south and south 

eastern regions of the Edwards Plateau (Groeger and Gustafson 1994). The differences in 
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water chemistry are attributable to the differences in basin bedrock material, climate, and 

evapotranspirative process within the respective drainage basins.  

 

Lake Buchanan 

L. Buchanan (Latitude 30° 45′ 6.6″ N, Longitude 98° 25′ 7.2″ W) is a large, deep, 

mainstream storage and hydroelectric power generation reservoir in the Texas Hill 

Country. It occupies space in both Burnet and Llano counties, and is located near the city 

of Burnet, Texas. The dam was started in 1931, but construction halted a year and a half 

into the project due to bankruptcy of the original utility building project. Reconstruction 

began on 1935, impoundment began in 1937, and construction was finished in 1938 with 

the completion of the two-mile long, multiple-arch Buchanan Dam; which is owned by 

the Lower Colorado River Authority (LCRA 2016). L. Buchanan is the first (farthest 

upstream) in a chain of six reservoirs along the Colorado River, collectively known as 

The Highland Lakes. These lakes include L. Buchanan, Inks L., L. Marble Falls, L. 

Travis, and L. Austin.  

Unless otherwise or additionally cited, the following information regarding 

reservoir history and statistics can be found in the Volumetric and Sedimentation Survey 

of Lake Buchanan conducted by the Texas Water Development Board (TWDB 2006). 

Water storage in the reservoir is extremely important for public water supply. At 

capacity, the reservoir holds approximately 1,093,930,000 m
3
 of water at an elevation of 

311.05 meters ASL, with total lake area of 90,600,189 m
2
. The reservoir is historically 
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considered to be mesotrophic, but it has become increasingly eutrophic over the past 

several years (Groeger, unpublished data and personal communication).  

The only major direct inflow is from the Colorado River. The headwaters of the 

Colorado River are located in far west Texas, in Dawson County near the city of Lemesa. 

Before emptying into L. Buchanan, the Colorado River is joined by the San Saba River 

and Pecan Bayou. The San Saba is a hardwater system on the Edwards Plateau.   Pecan 

Bayou and the Colorado River above the confluence with the San Saba have more 

complex watersheds comprising of more igneous bedrock materials. Inflowing waters are 

high in Ca
+2

 and HCO3
-
, making it a hard water system as with other surface waters of the 

Edwards Plateau. The Colorado River runs approximately 1,392 km with a watershed 

basin of approximately 110,000 km
2
 according to the Texas Water Development Board 

(TWDB 2006). The drainage area above L. Buchanan is approximately 83,500 km
2
; 

however, approximately 11,900 km
2
 of the drainage area is estimated to be non-

contributing (TWDB 2006). 
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Figure 2. Satellite image of Lake Buchanan sample sites labeled (Image created using 

ArcGIS 10 software). 
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Canyon Lake 

 Canyon L. (Latitude 29° 52′ 53″ N, Longitude98° 14′ 24″ W) is a large, bottom 

release, mainstream storage reservoir located approximately 30 miles northwest of San 

Antonio, Texas. Canyon L. was created with the construction of Canyon Dam, in 

response to a serious need for flood control in the Lower Guadalupe River Basin. It was 

built and is operated by the U.S. Army Corps of Engineers, but is managed by the 

Guadalupe-Blanco River Basin Authority (GBRA).  

The dam was completed in December, 1965. Water impoundment began in 1964, 

and achieved its conservation level in 1968. The dam was first fully operational in 1969. 

Currently, its primary purposes are for flood control and water conservation, but it also 

serves large recreational demands. Release from the dam also regulates hydroelectric 

power generation further downstream below New Braunfels, Texas (TWDB 2001). 

Except or in addition to other citations as indicated, all of the following historical 

and statistical information can be found in the Volumetric Survey of Canyon Lake 

conducted by the Texas Water Development Board (TWDB 2001). The conservation 

pool elevation is 277.063 meters, with a total capacity of 467,306,365 m
3
 and surface 

area of 3.4 x 10
7
 m

2
. Maximum and mean depths are 44.86 m and 14.3 m, respectively; 

with a reservoir length of 42 river km (Groeger and Bass 2005). The flood control pool 

level is 287 m ASL, with 426,784,080 m
3
 capacity above the flood pool level for a total 

of 898,466,832 m
3
 (U.S Army Corps of Engineers 2007). 
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Figure 3. Satellite image of Canyon Lake with the reservoir surface area delineated in 

yellow, and sample sites labeled (Image created using ArcGIS 10 software). 

 

 

In the main part of the reservoir (transition and lacustrine zones) the surface 

waters are clear of natural debris, anthropogenic litter, and algae (personal observation). 

Water color is characteristically aqua-marine green; as is normal for waters saturated, or 

nearly saturated, in CaCO3. Water conditions in the reservoir are considered to be 

pristine, and the reservoir is characterized as oligotrophic-mesotrophic (Groeger, personal 

communication). The average WRT is 1.2 years closest to the surface; but the 

hypolimnetic average WRT is only 0.3 years, and has been characterized as a flow-

through region where cold bottom-waters are constantly replaced by warmer surface-

waters (Groeger and Bass 2005). 

Approximately 3,700 km
2
 of the Upper Guadalupe River drainage basin 

contribute to the reservoir. The only significant, constantly flowing water source is the 
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Guadalupe River. The headwaters are located in the south central Texas Hill Country in 

Kerr County, near the city of Kerrville. The river length is approximately 660 km, with a 

total drainage basin approximately 15,400 km
2
. The drainage basin in this area flows 

through the karstic terrain of the Edwards Plateau. As a result, the inflowing waters to 

Canyon L. are similarly high in Ca
+2

 and HCO3
-
. The river flows generally east until it 

empties into Canyon L. Several smaller creek tributaries also contribute some inflow for 

at least part of the year during and after rain events. Compared to inflows from the river, 

the input from the smaller tributaries is minimal. 

 

Lake Dunlap 

L. Dunlap (Latitude 29° 40′ 42″ N, Longitude 98° 4′ 0″ W) is a small, 

comparatively shallow, run-of-the-river, hydroelectric power generation reservoir located 

in Guadalupe County, TX. The primary purposes of the reservoir are for hydroelectric 

power generation, municipal water storage, and recreational use. The dam construction 

project was started in 1927, and completed in 1928 (TWDB 2016).  

The maximum depth is approximately 7.5 meters near the dam (GBRA 2016) 

with a mean depth of 4.4 m. The surface area is approximately 1.5 km
2
, with a capacity 

of 7,277,532 m
3
 (TWDB 2016; GBRA 2016). There is approximately 4,281 km

2
 of 

drainage basin contributing to the reservoir (TWDB 2016).It is located in a well 

populated, partially urban area with extensive land development upstream, and 

immediately surrounding the reservoir. The reservoir is considered to be mesotrophic-

eutrophic (Funk 2013; Groeger, personal communication). 
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L. Dunlap is the first reservoir downstream of Canyon L.. Generally, half of the 

inflow comes from the Comal River, which joins the Guadalupe just upstream of Dunlap. 

The Comal River is spring fed from the Edwards Aquifer with waters saturated in Ca
+2

 

and HCO3
-
. As a result L. Dunlap waters are constantly at or near saturation as well. 

 

Figure 4. Satellite image of Lake Dunlap with the reservoir surface area delineated in 

yellow, and sample sites labeled (Image created using ArcGIS 10 software). 
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III. MATERIALS AND METHODS 

Sediment sampling 

 Sediments were collected by boat using an Eckman grab sampler, or shallow 

gravity corer. Samples were immediately stored on ice in acid-washed, screw-top, wide-

mouthed, glass containers; which were purged of air-space as completely as possible so 

as to minimize exposure to the atmosphere during transport and storage. Most samples 

were immediately dried when returned to the lab. Some were stored in a refrigerator at 

4°C, for no longer than 30 days until drying. Drying was accomplished at 90°C in a low 

temperature drying oven, followed by pulverization and homogenization by mortar and 

pestle, to the texture of a fine powder similar to talc. Some drying was accomplished by 

freeze-drying, followed by pulverization and homogenization. Freeze-drying was 

performed on L. Amistad samples, only. Homogenized sediments were stored in glass 

scintillation vials with foil-lined, screw-top caps, in the dark at room temperature for 

short-term storage; and in a freezer for long-term storage. 

 

Sediment physical composition 

 Well established, standard sequential fractionation methods for the determination 

of sedimentary physical composition were followed (e.g. Dean 1974; Dean and Gorham 

1976; Heiri 2001; Santisteban et al. 2004; Matthissen 2005), with minor modifications.  

The first fraction estimates OM, and was determined by loss on ignition at 450°C 

(LOI450) using a 4 hour burn time. The dry weight (DW) of the starting material minus 

the weight after combustion is reported as OM. The second fraction estimates CaCO3, 
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and was obtained by loss on ignition at 950°C (LOI950) using a 2 hour burn time. Values 

reported for CaCO3 include a conversion factor of 2.274 applied to the weight lost during 

combustion, because the weight lost only represents losses due to the volatilization of 

CO3 in CaCO3 into CO2, and does not account for the weight of the retained CaO (lime) 

residue left in the crucible. The final fraction is empirically derived as the difference 

between the initial DW, and the sum of the weights of OM and CaCO3. Clastics are 

assumed to be non-carbonate, inorganic material. The fractions are reported as 

percentages of the total composition. 

The equations below are applied for sedimentary physical composition, following 

the methods described above:  

1. % OM = ((DW – post LOI450 weight) / DW) x 100 

2. % CaCO3 = ((post  LOI450 weight – post LOI950 weight) / DW) x 2.274 x 100 

3. % Calstics = 100 – (% OM + % CaCO3) 

 

Total Phosphorous 

TP was determined following standard methods (Murphy and Riley 1958 and 

1962), with minor modifications. Prior to digestion in 1.0 N HCl acid, samples were 

subjected to the LOI450 procedures previously described for sedimentary physical 

composition. Molybdenum-blue colorimetric spectrophotometry was then used to 

quantify TP. Absorption at 880 nm was determined using a Varian Cary 50 UV/Vis 

Spectrophotometer. Samples from each site were analyzed in triplicate.  
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Phosphorous fractionation 

Four phosphorous fractions were obtained following standard methods (e.g. 

Hupfer et al., 1995a; Hupfer et al. 1995b; Kaiserli et al. 2002; Hupfer et al. 2009; 

Kapanen 2008), with some minor modifications; including special consideration of 

procedures for calcareous sediments in hardwater systems. The following operational 

phases were determined: 1) NH4Cl-P, ammonium chloride extractable phosphorous. 2) 

NaOH-P, sodium hydroxide extractable phosphorous. 3) HCl-P, hydrochloric acid 

extractable phosphorous. 4) RP, residual phosphorous. Some precautions suggested for 

calcite-rich sediments were followed (Hupfer et al. 2009). Molybdenum-blue 

colorimetric spectrophotometry was used to quantify SRP in extracts following standard 

methods (Murphy and Riley 1958 and 1962), with minor modifications. Absorption at 

880 nm was determined using a Varian Cary 50 UV/Vis Spectrophotometer. Samples 

from each site were analyzed in triplicate. 

 

Statistical Analysis 

Single factor ANOVA and T-tests were used when comparing the different 

systems to each other. Linear regression R
2
 values were used when exploring the 

relationship between two variables. Significance thresholds for ANOVA and t-tests were 

0.05.  
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IV. RESULTS 

Comparison of reservoirs to each other 

 The physical composition of the surface sediments was generally similar in OM 

content across reservoirs, with some clear differences in CaCO3 and clastics (Figure 5). 

The systems segregate into two main groups in the upper and lower left-hand part of the 

graph; one group with higher clastics content, and the other with higher CaCO3. L. 

Buchanan and the Rio Grande arm of L. Amistad are dominated by clastics in the 

sediments. Canyon L. and L. Dunlap sediments are mostly CaCO3. The Devils River arm 

of L. Amistad has approximately equal percentages of clastics and CaCO3. Sediments 

from the L. Amistad dam site are more similar to the Rio Grande arm than they are to the 

Devils River arm. 

The only P fraction with a strong positive relationship to TP across all systems 

was the HCl-P fraction (R
2
 = 0.61,  Figure 6). The data for the Rio Grande system and the 

Devils River system are each clearly seen as tight groupings, with the dam site showing 

values roughly intermediate between the two arms. The data for L. Dunlap and L. 

Buchanan is more spread out above (Buchanan) and below (Dunlap) the trend line.  
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Figure 5. Tri-variate plot of the physical surface sediment composition (organic matter, 

CaCO3, and clastics) of all reservoirs. The two arms of L. Amistad are shown as two 

independent systems. Values are represented as percentages of the total content. The 

Amistad Dam station (AmiDam) is shown independently from the rest of the L. Amistad 

system. 
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Figure 6. Scatter plot and linear regression of the HCl-P fraction and TP for 25 sample 

sites in five systems. The circled points are off-channel sites in L. Buchanan and L. 

Dunlap. HCl-P data was not available for Canyon L. 

 

Amistad International Reservoir 

The data from L. Amistad is best considered in terms of the two different 

contributing sources to the reservoir because the two arms have clear differences in their 

physical composition, as well as their P content and distribution. Differences between the 

two systems are illustrated (Figure 5 and Figure 6). Therefore, the two arms treated as 

two independent limnological systems. The two arms confluence at the dam site (RG-

0.95), less than one kilometer upstream from the dam. The results will be considered 
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from the farthest upstream reaches of the Rio Grande arm after the confluence of the Rio 

Grande and Pecos rivers (RG-53.0) to the RG-11.5 site (furthest downstream before the 

confluence of the Rio Grande and Devils rivers) as one arm; and from the farthest 

upstream reaches of the Devils River arm to the DR-15.52 site (furthest downstream 

before the confluence of the Rio Grande and Devils rivers) as the other arm. The RG-0.95 

site shows intermediate data between the two arms for several parameters, so it is 

considered independently (Figure 5 and Figure 6). However, it should be noted that in 

some respects this site is more similar to the Rio Grande arm than to the Devils River 

arm. 

When considering L. Amistad as a whole, there is a strong positive correlation 

between clastics and TP (R
2
 = 0.91, Figure 10). However, when the two systems are 

considered independently this relationship is not so clear. The Rio Grande has a negative 

relationship between TP and CaCO3 (R
2
 = 0.40), while the Devils River has a strong 

positive relationship between TP and CaCO3 (R
2
 = 0.96) when the data for site DR-31.4 

is excluded from the analysis. Regression plots for these relationships are not shown. The 

DR-31.4 site in the Devils River arm has much higher OM than all of the others sites in 

L. Amistad, and the highest OM measured for all sites in this study. The same site also 

has the lowest TP of all sites in this study. Because of this the data was considered to be 

somewhat of an outlier, which is why it was excluded from the regression analysis for TP 

and CaCO3. 

In Rio Grande arm TP generally decreases downstream towards the dam (Figure 

7). An exception to this general trend is an increase between RG-53.0 and RG-44.52. 

Clastics content also generally decreases between the headwaters and the dam, with 
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clastics being the dominant physical fraction (Figure 9). TP in the Rio Grande is 

significantly higher than in the Devils River (t-test p value 0.001, Figure 7). 

TP in the Devils River arm generally decreases between the headwaters and the 

release dam, with the exception of a fairly large increase between the two furthest 

upstream sites (DR-24.55 and DR-31.4, Figure 11). P fractions are shown as percentages 

of the whole (Figure 8). CaCO3 and clastics are roughly equal throughout the entire arm, 

although the DR-31.4 site does exhibit some unique characteristics (Figure 9). DR-31.4 

has much higher OM and CaCO3 and lower clastics compared to the other sites in that 

system. 
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Figure 7. Total phosphorus and CaCO3 in Lake Amistad. TP is indicated by the blue line, 

and CaCO3 (as percent of total composition) is indicated by the red line. The dashed line 

on the left-hand side of the graph at the 53 km mark on the x-axis indicates the location 

of the first site (RG-53.0) downstream of the confluence of the Rio Grande and Pecos 

rivers. The dashed line located at the zero km mark on the x-axis indicates the location of 

the dam. The circles on the right-hand side of the graph indicate the location of a small 

submerged dam in the Devils River arm. 
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Figure 8. Phosphorus fractions in Lake Amistad (as percent of the total of the fractions). 
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Figure 9. Physical fractions of sediment composition in Lake Amistad (as percent of total 

composition). 

 

Figure 10. Total phosphorus and clastics linear regression in Lake Amistad. The upper 

right-hand cluster of data is the Rio Grande arm, and the lower left-hand cluster is the 

Devils River arm. 
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Lake Buchanan 

L. Buchanan shows an increase in TP along a longitudinal gradient from the 

headwaters site to the dam (single factor ANOVA p-value = 0.030, Figure 11). HCl-P 

decreases as NaOH-P increases towards the dam, while NH4Cl-P and R-P remain fairly 

steady (Figure 12). CaCO3 and OM both increase slightly along the downstream gradient, 

with expected decreases in clastics roughly proportional to the increase in CaCO3 (Figure 

13). The majority of sediments in this system are clastics (Figure 13). 

 

Figure 11. Total phosphorous and CaCO3 in Lake Buchanan (as percent of total 

composition). 



30 
 

 

 

Figure 12. Phosphorous fractions in Lake Buchanan (as percent of total composition). 
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Figure 13. Physical fractions in Lake Buchanan (as percent of total composition). 

 

Lake Dunlap 

In L. Dunlap, TP decreases between the headwaters and the dam (single factor 

ANOVA p value 0.003, Figure 14), although the vast majority of that decrease is found 

between the two furthest upstream sites (D-11.0 and D-07.16). The two sites closest to 

the dam (D-2.74 and D-0.06) have similar TP content. P fractions show a negative 

relationship for the HCl-P and NaOH-P fractions between the two furthest upstream sites, 

and a positive relationship throughout the rest of the reservoir; while NH4Cl-P and R-P 

show a positive relationship along the entire stretch of the system (Figure 15). The 
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physical fractions show a general increase in CaCO3 between the headwaters and the 

dam, and general decrease in OM, with CaCO3 comprising the majority of the sediments 

(Figure 16). A scatter plot with linear regression shows a strong relationship between TP 

and OM (R
2
 = 0.84, Figure 17). 

 

Figure 14. Total phosphorus and CaCO3 in Lake Dunlap (as percent of total 

composition). 

 



33 
 

 

Figure 15. Phosphorus fractions in Lake Dunlap (as percent of the total). 
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Figure 16. Physical fractions in Lake Dunlap (as percent of total composition). 
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Figure 17. Scatter plot and linear regression (R
2
 = 0.84) showing the relationship between 

organic matter and total phosphorus in Lake Dunlap. 

 

Canyon Lake 

 Canyon L. did not show a clear pattern for TP between the headwaters and the 

dam (Figure 18), although there was a general decrease along a downstream gradient. 

CaCO3 was the dominant physical fraction, with little variation between the headwaters 

and the dam (Figure 19). OM and TP show a strong positive correlation (R
2
 = 0.88, 

Figure 20). Phosphorous fractionation was not determined for Canyon L. 
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Figure 18. Total phosphorus and CaCO3 in Canyon Lake (as percent of total 

composition). 
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Figure 19. Physical fractions in Canyon Lake (as percent of total composition). 

 

 

Figure 20. Scatter plot and linear regression (R
2
 = 0.88) showing the relationship between 

organic matter and total phosphorous in Canyon Lake. 
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V. DISCUSSION 

The hypothesis that the HCl-P fraction would be the largest P fraction in all of 

these reservoirs was not fully supported by the data. The HCl-P fraction was 

quantitatively the most dominant fraction in all the reservoirs except for L. Dunlap, 

where NaOH-P fraction was the highest. In meso- to hypertrophic Danish lakes, NaOH-P 

has been recognized as the dominant fraction (Sondergaard et al. 1996), though these 

were softwater lakes.  It is possible that P cycling in L. Dunlap functions differently than 

it does in the other reservoirs, due to differences in the hydrological regime as well as the 

form of the inflowing P, which includes waste water effluent directly into the reservoir. P 

entering the system at the headwaters is probably adhered to suspended solids (e.g. 

Prairie and Kalff 1988; Pacini and Gachter 1999; Kalff 2002), while SRP is introduced 

by effluents from the wastewater treatment plant (Kalff 2002). Both L. Amistad and L. 

Buchanan are much larger and much deeper than L. Dunlap, and both have a much longer 

WRT.  While WRT in L. Dunlap is consistently on the order of days (and sometimes as 

low as a day or less), WRT in the larger reservoirs is on the order of years. The 

implications of these differences with respect to P dynamics may be quite significant.  

TP and NaOH-P both generally decrease along a downstream gradient in L. 

Dunlap. As depth increases moving from headwaters to the dam, so does the potential for 

anoxic conditions due to a variety of reasons. Foremost, stratification frequency and 

duration increase with increasing depth. L. Dunlap does not experience extended periods 

of anoxia, as is the case for L. Buchanan, Canyon L., and L. Amistad. As a result L. 

Dunlap may retain more redox sensitive P. The NaOH-P fraction is P that is bound to 

metals (primarily Fe), and is subject to release from the sediments during periods of low 
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redox conditions (see review by Hupfer 2008, citing original work by Einsele and 

Mortimer). It is also known that P is sequestered in FeOOH compounds in sediments 

under oxic conditions, and a physical Fe barrier is formed at the sediment surface, which 

prevents P deeper in the anoxic sediments from being released into the water column as 

SRP (see review by Hupfer 2008, citing original work by Einsele and Mortimer). 

Deeper locations further downstream are more likely to experience redox 

conditions favorable for Fe-bound P release from sediments. The more acidic, low redox 

hypolimnetic waters cause increases in the solubility of redox-sensitive NaOH-P. 

Although stratification may be infrequent and transient, short-term favorable conditions 

may result in mobilization of SRP from the sediments to the water column more 

frequently further downstream. This may contribute to the lower Na-OH-P and TP in the 

system at downstream sites. 

The model suggested here would sequester the P in FeOOH-P complexes beneath 

a physical Fe barrier, without ample opportunities for re-mobilization because of the 

relative infrequency of sufficiently low redox conditions. In other words, the hydrological 

regime in L. Dunlap may result in a cycle of permanent or semi-permanent sequestration 

of redox sensitive P by metals (mostly Fe). Over time this could result in the 

accumulation of NaOH-P via mechanisms not present in the larger reservoirs, and may 

explain why the NaOH-P is the dominant fraction in L. Dunlap, but not in the larger 

reservoirs. It should be noted that this is a speculative hypothesis, and is not explicitly 

supported by the data obtained in the present study. 
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In contrast to L. Dunlap, low redox conditions may provide an explanation for the 

dominance of HCl-P in L. Amistad and L. Buchanan. As diagenesis occurs in the two 

larger hardwater systems, P entering the reservoir associated with inflows of clastics may 

ultimately be transformed into HCl-P as CaCO3 is continuously formed in the water 

column, sinks to the sediments, and then much of it is re-dissolved during summer 

stratification. Over long time periods, this may result in a greater percentage of HCl-P 

than NaOH-P. The differences in redox conditions and effects this could have upon 

transport via nutrient spiraling, as well as the effects upon the dominant forms of P in 

these systems are compatible hypothesis as explanations for interpreting the data.  

The hypothesis that TP would be greatest in upstream reaches of all of these 

reservoirs was also not fully supported by the data. Below the confluence of the Rio 

Grande and Pecos rivers in the Rio Grande arm of L. Amistad, the highest TP was found 

at site RG-44.52, followed by a fairly constant decrease towards the dam. In the Devils 

River arm, there is a constant decrease between site DR-24.55 and the dam. In L. Dunlap, 

there is also general trend of decreasing TP between the headwaters and the dam. So in 

both of these systems the hypothesis is supported. In Canyon L. the data is more variable 

and inconclusive; although the highest TP is found in the upstream reaches, in a transition 

section of the reservoir where a transitory plunge point is most likely to occur. 

Conversely, in L. Buchanan there is a substantial increase between the headwaters and 

the dam, which does not support the hypothesis. 

Unlike L. Dunlap, both L. Buchanan and L. Amistad frequently experience 

significant periods of stratification. As a result, P spiraling may act as transport 

mechanism in these systems (Newbold et al 1981). TP measurements in L. Buchanan and 
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the far upstream reach of the Devils River arm in L. Amistad may provide some 

indication of this. Site DR-24.55 in the Devils River arm has considerably higher TP than 

site DR-31.4. This part of the reservoir commonly experiences highly reduced conditions. 

Similarly, L. Buchanan regularly experiences highly reduced conditions. Such conditions 

may result in the mobilization of sedimentary P and subsequent transport downstream, 

which could explain the downstream increases seen in TP. 

Between sites DR-20.0 and DR-19.6 in the Devils River arm of L. Amistad there 

is a larger decrease in TP compared to the rest of the downstream gradient (Figure 7). 

There is an underwater dam located between these two sites, which may act as a barrier 

to downstream movement of suspended particulates. By interfering with movement of 

suspended particulates, the underwater dam may create a pooling area on its upstream 

side, resulting in elevated TP compared to the downstream side. Other parameters on 

either side of the submerged dam also appear to be affected; including phosphorous 

fractionation (Figure 8), and the physical composition of the sediments (Figure 9). While 

pooling of suspended particulates may offer an explanation for elevated TP, it is unclear 

as to why the P fractions or the physical composition of the sediments might be affected. 

The hypothesis that CaCO3 would be the largest physical component of the 

sediments in these reservoirs was also not fully supported by the data. The upstream 

watershed for Canyon L. and the Devils River are entirely upon the Edwards Plateau, and 

this is mostly the case for L. Dunlap also.  The sediments for Canyon (59%) and Dunlap 

(56%) are mostly CaCO3 and the Devils River arm of L. Amistad is 47% CaCO3.  Clearly 

the Cretaceous marine limestone of the Edwards Plateau is extremely important in 

determining sediment composition of these systems (Ground and Groeger 1994).  The 
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watersheds for L. Buchanan and the Rio Grande arm of L. Amistad are very large and 

much more complex geologically than the Edwards Plateau, although both L. Buchanan 

and the Rio Grande arm of L. Amistad are locally influenced by Edwards Plateau 

limestone, and all four reservoirs are distinctly high in alkalinity (Ground and Groeger 

1994). 

Clastics in the Rio Grande/Rio Conchos and Colorado R. are coming from the 

erosion and weathering of upland igneous formations (Ground and Groeger 1994). The 

Rio Grande entering L. Amistad is highly turbid and carries a very high load of sediments 

(Van Metre et al. 1996). Occasionally these suspended loads are large enough to be seen 

in satellite images as “turbidity plumes” moving through the reservoir.  Sediment 

composition from Amistad suggests that some of the clastics flow up into the Devils 

River arm before being deposited (Figure 9). The severe drought conditions, particularly 

in L. Buchanan and Canyon L., may have had some effect on the sediment composition. 

The hypothesis that higher OM would be associated with higher TP was also not 

fully supported by the data. The data does support the hypothesis in L. Dunlap and 

Canyon L. by simple linear regression, but not in L. Buchanan or L. Amistad. It should 

be noted that limited data for L. Buchanan makes it difficult to claim that the hypothesis 

is supported or refuted for that reservoir. OM has been shown to have strong correlations 

to TP in some systems, but not others (see review by Hupfer 2008). A portion of SRP in 

the water column of some systems is known to be sourced by microorganisms that retain 

P in the form of polyphosphates under aerobic conditions, and release it under stress 

during times of hypoxia. 
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In the Devils River arm of L. Amistad the site with the highest OM in the 

reservoir (DR-31.4) (as well as the highest OM measured in this study) had the lowest TP 

in L. Amistad (and the lowest TP measured in this study). Near DR-31.4 there is a spring 

that contributes significant flow to the system. The spring waters are enriched in nitrate, 

cooler than the summer surface waters, and move across the bottom as an underflow 

(Groeger, personal communication). The spring water and the inflow from the Devils 

River both tend to be saturated with CaCO3. The nutrient supply from the spring likely 

contributes to high productivity at the DR-31.4 site which is reflected in the high OM 

content of the sediments, as well as chlorophyll a and NO3 in the water column (Groeger, 

unpublished data). Elevated CaCO3 at the site may be the result of the spring waters and 

inflow from the river precipitating large quantities of CaCO3 in response to higher 

temperatures and phytoplankton photosynthesis. TP in the sediments may be masked by 

dilution of the sediments by the precipitating CaCO3. This is a possible reason why we 

see higher OM and lower TP at the same site, in contradiction to the hypothesis that OM 

will be associated with higher TP. 

As with the differences seen in the HCl-P and NaOH-P, differences in the 

relationship between OM and TP may be due to differences in the hydrological regime in 

L. Dunlap compared to the other systems. The limited durations of hypoxia most of the 

time in L. Dunlap may result in microorganisms retaining a greater portion of 

polyphosphates compared to systems which regularly experience anoxic conditions. As 

these organisms die and settle to the benthos, they provide a source of P associated with 

OM. It is possible that a significant portion of the NaOH-P in L. Dunlap is organic 
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phosphorus. Unfortunately the extraction of NaOH-P in this study does not differentiate 

between Fe-bound phosphorous and organic phosphorous. 

OM may also be correlated to TP in L. Dunlap simply due to greater primary 

productivity. L. Dunlap is more productive than L. Amistad and L. Buchanan. The 

system is much shallower and exposed to greater urbanization (e.g close proximity to 

major roadways like IH-35), acting as a source of nutrients. There is also a waste water 

treatment plant releasing effluent into the reservoir. The shallow waters and nutrient input 

into a relatively small system promotes primary productivity.  Greater primary 

productivity allows more P to be stored within biological systems, thereby providing an 

additional mechanism for a positive relationship between OM and TP. 
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VII. CONCLUSSION 

Phosphorus dynamics appear to operate differently across these complex reservoir 

systems. Consideration of the variability in hydrological regimes, nutrient input, and 

productivity in these hardwater reservoirs is important. The complexity of phosphorus 

dynamics [i.e. diagenesis and nutrient cycling] make generalized hypotheses difficult.  

 This is not a dismissal of the importance and value of previous research upon 

which our current understanding of phosphorus dynamics is built. Without the 

fundamental knowledge of that research, it would be impossible to make any predictions, 

even when the characteristics of individual systems are taken into account. The history of 

research in this area stretches back several decades. Throughout that long history our 

understanding has changed incrementally through an accumulation of data and analysis, 

sometimes in support of earlier studies and occasionally in refutation of it. This is the 

nature of science and a reminder of the importance of the scientific method. 
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