
Kettle ponds

Environment
• glacial outwash plain
throughout Cape
• range in trophic state, but 
many are oligotrophic (low 
nutrient concentrations)

Permanently-flooded 
depressions created by  the 
weight of glacial ice-blocks

Kettle pond complex (Wellfleet and Truro)
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CCNS Kettle Ponds: Resource Values

Native plants 
(including rare) Wildlife (including rare)

Clean drinking water
Recreational opportunities 

(some have negative impacts) Scenery

Shoreline 
vegetation loss 
and erosion

Shoreline rehab

Thread-leaved sundew

Slender arrowhead Spotted salamander Spring peeper

installing erosion 
control fabric
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- How are CACO ponds responding to changes in air quality and climate change?

Part II.  Freshwater kettle ponds



• The acidity of precipitation (measured as pH) has generally declined, mostly due to 
reductions in sulfur dioxide (SO2) and to a lesser extent nitrous oxides (NO3 and NO2) 
emissions 

• The climate has warmed.  Air temperatures around New England and in the larger 
northeast region of the U.S. have risen by 1-4°C over the last century
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CACO kettle ponds are ‘isolated’ in that they have 
no inflow/outflow and are therefore closely tied to 

the quality/quantity of rainfall and atmospheric 
conditions

How have our kettle ponds responded to changes 
in these conditions?

• CACO kettle pond WQ monitoring program
• CACO air quality monitoring program
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• Air temperature data were available from the Chatham airport (Chatham WSMO 
station, Northeast Climate Center database) approximately 32 km away from the 
cluster of CCNS kettle ponds (Figure 1

• Precipitation chemistry has been determined from samples collected weekly since 
1981 at MA01.  This analysis focused on precipitation pH, and two important 
contributors to pH - nitrate (NO3) and sulfate (SO4) concentrations (mg/L).  

• Pond pH and surface water temperature were measured at a water depth of 0.5 m 
using Hydrolab™ water quality sondes until 2002 and with YSI™ sondes thereafter.  

Methods
Cape Cod National Seashore National Park Service



Rainwater pH, SO4, NO3 at MA01 (Truro)
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A pH increase of 1 unit = 10x less acidic
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Surface water acidity (pH) of ponds

Surface water pH 
increasing 
(decreasing acidity)

* A change of 1 pH unit = 10 fold change in acidity



• Increasing pond pH may enhance concentrations of dissolved organic carbon (DOC), which reduces 
water clarity, but this represents RECOVERY from acid rain

• Shifts in pH can alter the proportions of various algal functional groups in that acidic waters tend to 
favor benthic algae, whereas higher pH conditions typically result in systems dominated by 
suspended phytoplankton

• Higher pH has been shown to increase algal biomass in some lakes (reduce biomass in others)

• aquatic macrophyte vegetation is influenced by pH

• Changes in the primary producers of kettle ponds will likely influence the structure and functioning of 
higher organisms within lake food webs that depend on these communities
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Consequences of long term pond acidity reduction
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Air temperature – mean daily maximum and minimum temperatures

Air temperatures, 
particularly minimums, 
in the summer/fall 
months are increasing 

* highlighted rows indicate that change is statistically significant
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Surface water temperature  of ponds

Surface water 
temps increasing
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Depth, duration, and strength of 
thermocline affects:

• vertical mixing
• nutrient availability
• light attenuation

• phytoplankton species composition, 
biomass 

• zooplankton

• fish and higher organisms

Changing vertical temperature structure

thermocline



Depth of thermocline – depth at which there is the largest temperature drop over a span of 1 
m vertical depth
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Figure 2.  DTC plotted against time for Dyer and Great-W ponds in August and Gull pond in July.  
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Figure 3.  TC plotted against time for Duck, Herring and Ryder ponds in July.  
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Figure 4.  SB plotted against time for Dyer, Great-W, and Round-W ponds in August.  
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Stronger total (i.e., 
whole pond) vertical 
temperature 
differences 



  

Figure 5.  TBW plotted against time for Herring, Great-W, and Ryder ponds in August.  
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decrease in bottom 
water temperatures

Overall, ponds more 
thermally stable in 
summer



Consequences of pond warming

• Increased temps can result in increased algal productivity

• Stronger thermocline = less vertical mixing in summer and therefore more limited 
nutrient availability in photic zone (seasonally enhanced oligotrophy) OR algae may be 
able to take advantage of nutrients just below thermocline at shallower depths where 
there is more light

• Such changes elsewhere have been shown to alter algal structure, seasonal patterns of 
productivity, and taxonomy

• In many cases, lake warming has led to, or is predicted to lead to, increased dominance 
of cyanobacteria (blue-green algae, which can be toxic)

• In some cases greater abundances of dinoflagellates and large chrysophytes are favored 
by higher temperatures – alters quality of food for higher organisms

• There may also be changes in the suitability of various thermal habitats for individual 
fish taxa

Cape Cod National Seashore National Park Service



In CACO there is no correlation between Secchi depth (clarity) and level of ‘development’  

expected

expected

Cape Cod National Seashore National Park Service

Other issues related to the ‘state of our ponds’



Colman and Masterson 2007, Monitoring Ground-Water 
Quality in Coastal Ecosystems

Ponds do not receive (and will 
never receive) wastewater input 
from adjacent towns

Many parts of ponds at or 
near top of GW lenses 
and are discharging water 
away



Colman and Masterson 2007, Monitoring Ground-Water 
Quality in Coastal Ecosystems

Cape Cod National Seashore National Park Service

Ponds receive septic inputs from only some of 
surrounding structures

Pond
No 

structures-
inflow

Duck 0
Dyer 1
Great_T 2
Great_W 1
Gull 27
Higgins 6
Horseleech 0
Kinnacum 0
Long 6
Round_E 3
Round_W 2
Ryder 10
Slough 6
Snow 0
Spectacle 0

Septic inputs?
• 4 with ‘potential’ Title 5 

issues at Gull Pond
• 1 at Dyer pond
• N inputs, probably little to 

no P (so far)

150 ft



Summer secchi depth trends by pond

* Asterisks indicate significant trend



Gull Pond summer Secchi depths (1996-2014)
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How can thermocline be getting shallower but water 
clarity increasing in many cases?

• Algal taxa that like temperatures cooler than what is available at the 
surface now are moving downward

• Taxa that grow best in slightly lower light conditions are moving 
downward to areas of lower light

• Sub-thermocline chlorophyll maxima are common in many (often 
oligotrophic) systems – has the effect of increasing water clarity to a 
certain extent

• Relationship between algal biomass, algal species composition, algal 
chlorophyll:biomass , vertical temperature profiles, nutrient 
concentrations, light attentuation, zooplankton grazing pressure, etc. 
VERY complex



Pond summer Secchi depths vs. chemical, physical, developmental variables



Nutrient concentrations vs. physical and developmental variables



Best correlation of pond Secchi depth is with maximum pond depth; this is 
true CAPE WIDE 

Shallower ponds often have reduced water clarity due to higher vertical 
mixing capacity, nutrient and sediment suspension (established concept)

Cape Cod National Seashore National Park Service

* Physical attributes and climate-related factors most responsible 
for CACO pond trophic state; 
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Johnson and Shmagin (2006) – Minnesota lakes
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meso

oligo

oligo

oligo

Pond trophic state circumstances that are counterintuitive



Nickerson State Park – has always been undeveloped

Mesotrophic/Eutrophic with 
frequent blue-green algal 
blooms that have closed the 
pond to swimmers in the past

Cliff Pond



That said….
• Anthropogenic nutrient inputs are deleterious to ponds
• It may be that there is significant phosphorus that has yet to reach the ponds as this 

nutrient moves very slowly through groundwater
• Everything possible should be done to limit nutrient inputs in order to preserve trophic 

state
• Intact shoreline and littoral vegetation extremely important in assimilating nutrients so 

that they do not impact open water



Internal factors besides physical attributes: Fish stocking on Cape Cod since 
1920s - Gull and Great-T ponds are stocked with non-native trout



Fish stocking shown to increase algae 
growth in other oligotrophic lake systems

* What will be the implications of 
increased numbers of fish in Herring, 
Higgins, Williams, and Gull Ponds after 
restoration of the Herring River?



_ +

Zooplankton and aquatic insects
algae

Adding organic matter and altering food web 
dynamics, including grazers of algae





Artificial structures attract wildlife, 
which contributes to nutrient loading
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