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Abstract 

Arctic ponds are a dominant feature in Barrow, Alaska. Ponds may function as carbon sinks 

during the growing season from production of photosynthetic organisms like algae; however, little work 

has been done on this topic. Environmental changes have been occurring in the Arctic stemming from 

climate change and human perturbations. The focus of this study was to assess a historically studied 

region for changes in algal primary production that may have been produced due to increases in 

temperature over the past 40 years and increased human development.  Additionally, this study aimed to 

determine nutrient limitation of algal production in the pelagic and benthic zone in order to attain a 

better understanding of algal primary production differences among zones. In order to do so, several 

methods were employed including nutrient diffusing substrate experiments, bottle incubations, and 

mesocosms. Compared to 40 years ago, increases in phytoplankton biomass were observed in the 

historically studied region. Periphyton was not significantly higher than the 1970s; however, benthic 

algae were more productive in sites located closer to the village of Barrow suggesting influences from 

anthropogenic activity. Since a human impact gradient effect on algal production at the historic site was 

not observed, other nutrients sources such as permafrost thaw are a likely contributor to algal growth. 

Nutrient limitation status of phytoplankton has changed since the original study in the historical region 

from phosphorus (P) limitation to nitrogen (N) or NP co-limitation. Contributions of phosphorus from 

deglaciation, permafrost thaw, and other sediment interactions may potentially be causing nitrogen 

limitation. Comparisons of pelagic and benthic experiments revealed differences among these zones 

with NP limitation in the pelagic zone and N limitation in the benthic zone, reflecting contrasting 

nutrient limitation status within the same pond. Mesocosm experiments provided support for NP 

limitation in the water column but, due to experimental limitations, there were no significant findings in 

the benthos. These findings reflect the changes occurring in Arctic ponds in light of warming 

temperatures and human perturbations. Further studies are needed in order to fully understand recent and 

future expected changes in primary production and nutrient cycling in both the pelagic and benthic 

zones.  
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Introduction 

The Arctic is especially sensitive to climate change due to polar amplification (Smol et al. 2005). 

A multitude of changes have been observed in Arctic freshwater ecosystems. Smol and Douglas (2007) 

have shown that arctic ponds are changing in size and conductance due to evaporation/precipitation 

ratios. Studies have also reported warmer temperatures (Lougheed et al. 2011), increased nitrogen and 

phosphorus levels in the water column (Lougheed et al. 2011), increases in algal primary production 

(Michuletti et al. 2005), and taxonomic shifts in algae (Smol et al. 2005) in Arctic freshwaters. Increased 

concentrations of nutrients in arctic aquatic systems have been observed or predicted, and these may be 

attributed to increased evaporation caused by higher temperatures (Schindler and Smol 2006) or thawing 

of permafrost (Hobbie et al. 1999; Frey and Smith 2005; Frey and McClelland 2009). Together with 

nutrient enrichment, warming has the potential to greatly increase Arctic aquatic production (Flanagan et 

al. 2003).  

Experimental manipulations have indicated that increased nutrients may potentially lead to 

increased primary production and other food web effects in arctic streams and lakes (e.g. Peterson et al. 

1993; Hobbie et al. 1999, Slavik et al. 2004; Bensted et al. 2005; Lienesh et al. 2005; O’Brien et al. 

2005). A long-term study of an Arctic stream found important short and long term changes in stream 

function with continuous phosphorus enrichment since 1983 (Slavik et al. 2004). Short term responses 

included increases in periphytic production, insect densities, and fish growth. After 4 years of 

manipulation however, this study found there was a decrease in grazing pressures due to the replacement 

of periphyton by moss (Peterson et al. 1985). Moss production increased tenfold which in turn had 

impacts on NH4 uptake, primary production, habitat structure, insect population densities and species 

composition suggesting strong implications to nitrogen cycling and food web composition. This study 

also found moss species were replaced with mosses typical to environments with high nutrients, 

temperature, and light (Slavik et al. 2004). 

Given the importance of freshwater environments in the Arctic, notably on the Alaskan Arctic 

Coastal Plain where more than 20% of the land is covered by thaw lakes, and 25-50% is marked by thaw 

basins filled with ponds (Hinkel et al. 2003; Frohn et al. 2005), understanding productivity of Arctic 
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tundra ponds is important as it may be a key contributor to carbon cycling, especially in light of the 

current shifting climate regimes.  

Nutrient limitation status experiments are insightful indicators of ecosystem function and 

processes. Original thinking allowed one limiting nutrient at any given time (Liebig 1842); when that 

limiting nutrient is added, primary production increases until a point is reached when production is 

limited by the next limiting nutrient. Advancements in research through the past several decades have 

allowed for an increasing understanding of nutrient limitation and interpretation of categorization and 

status. Freshwater systems are typically nitrogen (N) limited, phosphorus (P) limited, or nitrogen-

phosphorus (NP) co-limited.  NP co-limitation may be the result of oscillations in nutrient limitation by 

N and P over time, in which changes in the supply of one nutrient may cause limitation to shift to the 

other nutrient (Allegier et al. 2010).  

Meta-analyses by Francoeur (2001), Elser et al. (2007) and Harpole et al. (2011) have found a 

predominance of NP co-limitation of benthic and pelagic algae in freshwater ecosystems. However, 

there is a limited understanding of algal nutrient limitation in Arctic environments where elevated rates 

of warming and changes in nutrient loads could have drastic consequences for primary producers. 

Levine and Whalen (2001) determined NP co-limitation was predominant for phytoplankton in 54 lakes 

in the Arctic Foothills region of Alaska. In Alaskan boreal wetlands, mesocosm experiments by Wyatt et 

al. (2010) showed co-limitation of benthic algae by N in combination with P and/or Silica (Si). Symons 

et al. (2012), Ogbebo et al. (2009), and Bowden et al. (1992) also found NP co-limitation present in 

phytoplankton arctic and subarctic lake communities. While these more recent studies indicate that NP 

limitation is occurring in water bodies in Arctic, subarctic and boreal freshwaters, older studies indicated 

that P limitation was present. In an Alaskan tundra stream, Peterson et al. (1983) found evidence 

suggesting P limitation of periphyton. Similarly, in a whole-pond fertilization experiment, Alexander et 

al. (1980) found that phosphorus limited algal growth in an Arctic tundra pond. Recent studies 

examining TN:TP ratios, however, do suggest the continuing presence of P limitation in lakes of the 

Canadian Arctic (Keatley et al. 2007). In addition, Colorado alpine lakes impacted by N-deposition also 

experienced greater P-limitation (Elser et al. 2009). Application of further nutrient limitation 
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experiments in Arctic tundra ponds can provide important insight into changes in nutrient cycling and 

primary production in an environment that is warming faster than any other location on the planet.  

While many studies aim to categorize the nutrient limitation status of a freshwater ecosystem, 

most studies focus on algal nutrient limitation of a single growth form, either benthic or pelagic algae. 

However, the few studies that address both benthic and pelagic nutrient enrichments found distinct 

differences among these habitats. Vadeboncoeur et al. (2001) found increased nutrients in Michigan 

lakes produced increases in phytoplankton and epixylon (wood-associated) but decreases in epipelon 

(sediment-associated). Studies by Turner et al. (1994) revealed that while phytoplankton photosynthesis 

was limited by phosphorus, benthic algae growing on rocks were limited by carbon. Working in a high 

Arctic lake, Bonilla et al. (2005) found that benthic algae mats showed no responses to nutrient 

enrichments of carbon, phosphorus and nitrogen, while phytoplankton showed strong responses to 

enrichments, suggesting benthic mats are nutrient sufficient. Differences may exist between the nutrient 

requirements of algae in the two zones, as different species within the same ecosystems have different 

nutrient requirements. Furthermore, while algae in the benthic zone interact with nutrients released from 

the sediment surface, phytoplankton and algae growing on hard surfaces draw their nutrients from the 

water column (Vadeboncoeur et al. 2001). Differences in environmental factors influence production 

efficiencies as phytoplankton are greatly affected by a thin highly variable boundary layer leading to 

more nutrient limitation while periphyton grow slower due to light limitations but have access to 

nutrients sources in sediments. Access to the sediment nutrient pool in addition to their relatively slow 

growth rate, make sediment-associated algae less likely to be nutrient limited than phytoplankton (Sand-

Jensen and Borum 1991).   

In the early 1970s, Barrow, Alaska hosted a detailed ecological survey, the International 

Biological Program (IBP) which thoroughly described the physical, chemical, and biological processes 

occurring in the arctic tundra ponds in the region (Hobbie 1980). While these ponds are frozen 

throughout the majority of the year, they thaw during the growing season (June-September) allowing 

primary producers to potentially act as carbon sinks by fixing carbon through photosynthesis. From 

1971 to 1973, both observational and experimental data were collected, and in these studies two 
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discoveries were made regarding algal primary production: 1) with warming temperatures algal growth 

would be stimulated and 2) phosphorus was the limiting nutrient for phytoplankton growth (Alexander 

et al. 1980). More recently, Lougheed et al. (2011) found that pond temperatures have warmed by 2ºC 

and water column nutrients concentrations have increased significantly over the past 40 years. These 

two studies, one historical and one modern, form the foundation of this study. We first examine whether 

phytoplankton and periphyton biomass in IBP ponds has changed with warming and increased nutrients 

over the past 40 years, and determine whether any changes could be due to the expansion of the village 

of Barrow towards the IBP ponds, as Schindler and Smol (2006) suggest synergistic effects of climate 

change and human perturbations can have significant effects of Arctic freshwaters. Secondly, we utilize 

several methods to determine the nutrient limitation status of both phytoplankton and periphyton in these 

historically P limited ponds (Alexander et al. 1980), to determine changes over time and differences 

among algal growth forms.  
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Methods 

Site Description 

 

The IBP study sites were established in the late 1960s near the village of Barrow, Alaska, the 

northernmost human settlement in the United States. The aquatic portion of the IBP consisted of a series 

of small and shallow ponds within low-centered ice wedge polygons within a large thaw lake basin. The 

entire region is underlain by continuous permafrost, with the active layer thawing during the warm 

summer months. Water in the ponds is comprised of snowmelt and water flows between ponds only 

during spring; throughout the rest of the year there is no above or below-ground water flow (Hobbie, 

1980).  

Throughout the past 40 years, the population of Barrow has steadily increased and has been 

expanding towards the IBP sites, which were formerly isolated in the landscape. In order to assess the 

potential impacts of urbanization on the ecology of the IBP ponds, the IBP study sites (shown in yellow 

in Figure 1), were compared to the more heavily "impacted" ponds located within the village of Barrow 

(BRW; shown in red in Figure 1), and more isolated "reference" sites located in the Barrow 

Environmental Observatory (BEO) (shown in green in Figure 1). The BEO is a protected area set aside 

by the village of Barrow for the purposes of scientific research. Sites were chosen based on proximity to 

roads and human habitats. Barrow sites (Boxer, Ahmagoak, Utiqtuq, Kignak, Ahma 2, Boxer 2, and 

Airport; Table 1) are located within the village of Barrow and directly adjacent to roads and houses. IBP 

sites (IBP B, C, D, E, J, and X; Table 1) were historically more than 0.5 km from any roadways or 

houses; however, they are now less than 0.25 km from Kaleak Road. Pond sites in the BEO (ITEX-N, 

ITEX-S, WL02, WL03, and PRP; Table 1) are not near public main roads or homes; the nearest road is 

more than 1 km away.  

Historical comparisons utilizing weekly data included data from ponds IBP B, C, and E due to 

availability of detailed current and historic data for those ponds (Alexander et al. 1980; Hobbie 1980; 

Table 1). Samples collected on a weekly basis over the summers in both the 1970s and 2009-2011 are 

included in the historical comparisons of algal biomass. Additional ponds (IBP D, J, and X), which were 
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sampled regularly, but less frequently in the 1970s, were included in the analyses of chlorophyll-nutrient 

relationships. In order to assess any influence from urbanization, a regional study was conducted on all 

IBP, BEO and BRW ponds in Table 1; data collected every 3 weeks during the summers of 2010-11 was 

utilized in these analyses. For logistical reasons, some sites in BRW that were sampled in 2010 were 

replaced with different but similar sites in 2011 (see Table 1). Nutrient limitation studies were conducted 

in four ponds in the IBP (B, C, D, and J; Table 1), and three ponds in BRW (Boxer, Ahmagoak and 

Utiqtuq; Table 1) and the BEO (ITEX-N, ITEX-S, and WL02; Table 1).  

 

 

 

Figure 1: Location of IBP, Reference (BEO), and Impacted (BRW) pond sites in Barrow, Alaska. 
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Table 1: Location of ponds used in 3 different studies in 2010 and 2011. See methods section for 

description of studies 

 

Site Name Coordinates Historical 

Comparison 

Regional 

Comparison 

Nutrient 

limitation 

study 

IBP (Potentially Impacted) 

IBP B 
71°17’41.82” N, 156°42’09.52” W 

X X X 

IBP C 71°17’40.63” N, 156°42’07.48” W X X X 

IBP D 71°17’41.29” N, 156°42’00.54” W X X X 

IBP E 71°17’39.24” N, 156°42’06.30” W X X   

IBP J 71°17’37.21” N, 156°42’04.93” W X X X 

IBP X 71°17’45.28” N, 156°42’00.30” W X     

BEO (Reference) 

ITEX-N 71°18’59.53” N, 156°35’22.88” W   X X 

ITEX-S 71°18’44.16” N, 156°35’27.58” W   X X 

WL02 71°16'47.02" N, 156°37'8.01" W   X X 

WL03 71°16’56.33” N, 156°36’58.28” W   X   

PRP 71°17’15.05” N, 156°37’26.75” W   X   

Barrow (BRW; Impacted) 

 BOXER 71°18’12.58” N, 156°45’09.25” W   X X 

Ahmagoak (AHMA) 71°18’13.04” N, 156°44’29.29” W   X X 

Utiqtuq (UTIQ) 71°18’07.02” N, 156°43’20.94” W   X X 

Kignak (KIGN)
 *2010 

only
 

71°18’09.30” N, 156°43’07.29” W   X   

AHMA 2
*2011 only

 71°18’14.91” N, 156°44’33.49” W   X   

BOXER 2
*2011 only

 71°18’12.42” N, 156°45’12.12” W   X   

Airport
*2010 only

 71°16’58.03” N, 156°46’46.87” W   X   
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Field Procedures 

Historical and Regional Comparisons 

During the summers of 2010 and 2011, from mid-June to mid-August, phytoplankton and 

periphyton samples were collected from ponds in the IBP, BEO, and Barrow regions. Samples were 

collected weekly at IBP and every 3 weeks at BEO and Barrow sites. Samples were also collected at IBP 

ponds weekly from July to August 2009, and only once in August 2008. Phytoplankton samples were 

collected by filtering up to 1 L of pond water through GF/C filters. Filters were stored in test tubes, 

wrapped in foil and kept frozen until analysis. Periphyton samples were collected from pond sediment 

surfaces at three haphazard locations in each pond using a spatula and an inverted petri dish. All three 

periphyton samples were combined into one composite sample. Algae were separated from the sediment 

by rinsing with distilled water, pouring off the supernatant solution and repeating until the surface water 

ran clear. A subsample consisting of 9 (2011) or 13 mL (2010) of the solution containing algae was 

stored in a test tube, wrapped in foil and frozen until analysis. At all sites, samples for water chemistry 

were collected from an open-water location, filtered as required, and stored frozen in acid-washed 

bottles until analysis. 

 

Nutrient Limitation Experiments 

In 1970 and 71, Alexander et al. (1980) completed a whole pond nutrient addition experiment 

whereby they added phosphorus to IBP Pond D, with IBP Pond C acting as a control pond (i.e. ambient 

conditions). We present analyses of these two years of data. 

Nutrient diffusing substrates (NDS) and bottle nutrient incubations, which expose natural algal 

communities to known quantities of nitrogen (N) and phosphorus (P), were utilized to determine benthic 

and pelagic algae nutrient limitation, respectively, during the summers of 2010 and 2011. In both July 

and August, nutrient diffusing substrates were incubated in situ by deploying 60 mL vials of 2% Bacto 

agar solution containing concentrations of 0.5M KH2PO4 (P), 0.5M NaNO3 (N) or both (N+P) and 

control vials (C) contained agar only (Fairchild et al. 1985). All vials were covered by 20µm Nitex 
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filters, attached to a plexiglass frame, placed on bottoms of 10 ponds representing all 3 regions (Table 

1), and incubated for 21-22 days. Four replicates of each treatment were deployed at each site. Most 

sites had NDS incubations on 4 separate dates (i.e. July 2010, August 2010, July 2011, August 2011); 

however, for logistical reasons, one to two sites per region are missing data on one date only (IBP D on 

July 2010, ITEX-N on July 2010, WL02 on July 2010, AHMA on August 2010, UTIQ on July 2010). 

After incubations, filters were removed from vials, stored in test tubes, wrapped in foil and frozen until 

analysis.   

To examine the impact of nutrient enrichment in the pelagic zone, water was collected from the 

water column in all three regions during July and August 2011, filtered through an 80 µm mesh net to 

remove large invertebrates, dispensed into 500 mL clear bottles, and attached to a PVC frame that 

suspended the bottles 20 cm below the water surface. Four replicates of each treatment were deployed at 

each site. All bottles were incubated in a single pond to ensure similar ambient conditions. The 

enrichment treatments consisted of 400 μg/L KH2PO4 (P),400 μg/L NH4NO3 (N), a combination of both 

400 μg/L N & 400 μg/L P (NP), and a control (C) treatments. Because phytoplankton take less time to 

react to nutrient enrichments (Sand-Jensen et al. 1991), incubations lasted only approximately 96 hours 

after which water was filtered through GF/C filters. Filters were stored in test tubes, wrapped with foil, 

and frozen until analysis. 

A third nutrient limitation experiment was used in order to determine concurrent benthic and 

pelagic nutrient limitation in situ. Mesocosms were constructed with clear plastic sides and aluminum 

collars pushed into the sediment; the upper edge of the mesocosm was held upright with a PVC frame 

(Figure 2). Four groups of mesocosms were installed into IBP 19 (156° 42’09.89” W, 71° 17’36.71” N), 

with one replicate of each treatment (i.e. N, NP, P, and C) in each group (total of 16 mesocosms). The 

average depth of each mesocosm was 23.6 cm, which reflected the average depth of the ponds, and the 

average volume was approximately 0.05 m
3
. Nutrient concentrations in each mesocosm were elevated 

over a period of one week using KH2PO4 (P), NH4NO3 (N), a combination of both N & P (NP), and a 

control (C). Incubations of mesocosms lasted approximately 3 weeks in August 2011. Final 

concentrations of nutrients in the mesocosms were elevated to greater than 100 times ambient (TP), 170 
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times ambient (NO3) and 235 times (NH3). This was a preliminary experiment that will be repeated by 

others in 2012 using more realistic nutrient levels.  

 

Figure 2: Mesocosms used in synchronized nutrient limitation experiment in August 2011. 

Lab Procedures 

In the lab, chlorophyll-a was extracted in 90% acetone for 24 hours in the freezer. Absorbance of 

the extractant was measured with a Genesis 10UV spectrophotometer. Samples were corrected for 

turbidity and phaeopigments by acidification (Likens and Wetzel 1991). Concentrations were calculated 

on a volumetric basis for phytoplankton (μg/L) and by area sampled for periphyton (µg/cm
2
). In order to 

allow comparisons to data from the 1970’s, the concentration of phytoplankton chlorophyll-a was also 

calculated using Strickland and Parson’s (1968) formula, which was used in the original IBP study 

(Alexander et al. 1980). To allow comparison with historical data, periphyton concentrations were also 

calculated using the Lorenzen (1967) method (Alexander et al. 1980) and expressed on the basis of dry 

sediment (µg/g).  

Nutrient chemistry (e.g. NH3, NO3, SRP, TP, TDP, Si, and DOC) was analyzed as described in 

Lougheed et al. (2011). These samples were analyzed by other students as part a related study. In 2010-



 11 

11, water temperature at IBP pond C was logged continuously using HOBO® loggers. Nutrient data 

from the 1970s were primarily extracted from Barsdate and Prentki (1973).  

Statistical Analysis 

To allow comparisons among 1970s and 2008-11, the data were first grouped by year and 

averaged according to the week of year. The averages of the historic data (1970-73) and the current data 

(2008-11) were then compared using a paired t-test using JMP statistical software.  

The effect of nutrient limitation on algal productivity was evaluated by comparing increases in 

chlorophyll biomass relative to the control and by calculating percent increase in algal biomass relative 

to the controls. Analysis of Variance (ANOVA) followed by Tukey Kramer HSD statistical tests were 

used to determine significant differences among treatments using JMP statistical software.  
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Results 

Historical Comparisons 

Significantly greater amounts of phytoplankton chlorophyll-a biomass were observed during the 

growing seasons of 2008-11 compared to the 1970’s (paired t-test; p= 0.0022; Figure 3) in IBP tundra 

ponds. However, periphyton was significantly higher in 1972 than in 2011 (paired t-test, p= < 0.0001; 

Figure 4); although, there was substantial variability among periphyton samples in the 1970s. 

Significantly higher maximum weekly temperatures were observed in 2010-11 as compared to 1970 and 

1972 (paired t-test, p=0.005; Figure 5).  
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Figure 3: Mean (+/- 1 standard error (SE)) phytoplankton chlorophyll-a biomass in IBP ponds B, C, and 

E for 1970-1973 vs 2008-2010.  
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Figure 4: Mean (+/- 1 SE) periphyton chlorophyll-a biomass in IBP ponds B, C, and E in 1972 vs 2011.  
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Figure 5: Average maximum temperatures in IBP Pond C throughout weeks of year for 1970, 1972 and 

2010-11. 
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Figure 6. Linear regressions of log chlorophyll-a phytoplankton biomass vs. log total phosphorus in IBP 

ponds during 1970s (y= -0.84 + 0.65logCHL-a, R
2
= 0.33, p=0.11) and 2000s (p>0.10).   
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Figure 7. Linear regressions of log chlorophyll-a phytoplankton biomass vs. log ammonia in IBP ponds 

during 1970s (p>0.10) and 2000s (y= -0.03 + 0.11logCHL-a, R
2
= 0.23, p= 0.04)   
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Relationships between phytoplankton biomass and nutrients varied depending on the years 

sampled. In the 1970s, phytoplankton chlorophyll-a biomass was marginally and positively related to 

total phosphorus (TP) in the water column (p= 0.11; Figure 6), but showed no relationship with NH3. 

Forty years later, phytoplankton biomass was significantly dependent on NH3 (p= 0.04; Figure 7) and 

not significantly influenced by total phosphorus. There were no significant relationships observed 

between phytoplankton biomass and NO3 or soluble reactive phosphorus (SRP) in either the 1970s or 

present time. There was insufficient data to create similar relationships for periphyton. 
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Regional Comparisons 

In 2010 and 2011, Barrow was the most productive region with respect to periphyton, but not 

phytoplankton (Figures 8 and 9). Periphyton was significantly higher in Barrow ponds in both 2010 

(p<0.0001; Figure 8) and 2011 (p= 0.0201; Figure 9). While phytoplankton tended to be higher in 

Barrow ponds, this difference was not significant in either year. In 2010, BEO ponds had significantly 

greater phytoplankton biomass than the IBP ponds (p= 0.0194; Figure 8).  

 

 

 

 

 

 

 

 

Figure 8: Mean (1 +/- SE)) phytoplankton (left) and periphyton (right) chlorophyll-a biomass in IBP, 

BEO, and Barrow ponds during 2010.  

 

 

 

 

 

 

 

 

 

Figure 9: Mean (1 +/- SE)) phytoplankton (left) and periphyton (right) chlorophyll-a biomass in IBP, 

BEO, and Barrow ponds during 2011. 
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