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Summary of completed program activities: 

The goal of this proposal was to (1) quantify the potential of forested land cover management to 

reduce nitrogen loads to coastal waters and (2) develop a section of the Cape Cod Commission 

Technologies Matrix that conveys that assessment and its application to the Cape Cod region. 

Over the course of the project duration we completed all the planned data compilations 

and modeling efforts to quantify the potential of forested land cover management to reduce 

nitrogen loads to estuaries in Cape Cod. We modeled nitrogen inputs to the watersheds and 

estuaries of the Waquoit Bay estuarine system, a series of Cape Cod watersheds with different 

degrees of forest cover and urbanization histories. We quantified decadal trajectories of forest 



cover and associated nitrogen retention. We also partitioned retention of N in forests and other 

land covers, and tested whether degree of urban development, and land cover configuration alter 

nitrogen retention within forests. Our main results emphasize the role of forest covers as 

effective areas for the reduction of nitrogen loads to estuaries, and clearly highlight the potential 

of forest cover preservation and recovery as effective tools for management of nitrogen in the 

watersheds of Cape Cod and elsewhere. Some of these results have been compiled and 

summarized in a manuscript that we are attaching to this report. 

In support of the modelling efforts, the Cape Cod Commission GIS staff researched the 

best available satellite imagery currently available and that could be used for historical 

comparison.  Forest cover reconstruction was reasonably accomplished using freely available 

satellite data from the USGS. Landsat (MSS/TM/ETM+/OLI) was one of the first-launched and 

continuously-maintained earth observing satellite series and has the necessary visible and near 

infrared bands from 1972 through present, which is essential to distinguish vegetation from other 

land cover types, as well as to differentiate broad-level tree families, such as conifer from 

deciduous. CCC staff also compiled the best available land use data for the 15 towns of Cape 

Cod. This necessary step enabled classification of development density. The classification of 

land use and land cover required several meetings of the project partners. Using existing 

watersheds, we then applied the land use/land cover data and classified the forest cover 

accordingly (low, intermediate and high).  

We prepared a technical report to complete our tasks under goal (2) of the proposal. A 

preliminary version of this document is included with this report. Initially, this document has 

been written in the format of a scientific paper, and will be submitted for review and publication 

in a peer-reviewed journal. We will also work with the Cape Cod Commission to incorporate our 

results into their 208 Technologies Matrix, as planned. Together with the Cape Cod Commission, 

we are committed to completing this part of the project to inform the 208 Technologies Matrix 

and continue supporting Cape Cod communities watershed-management planning. 

Educational and interdisciplinary activities: 

During the duration of the project we involved students from the University of Chicago, Brown 

University, and Amherst College as research interns. Claire Valva (2018, University of Chicago) 



participated in the modeling activities of the project. Paige Torres (2018, Brown University) used 

modeled nitrogen loads calculations for Waquoit Bay estuaries to understand water quality 

trajectories in the Bay. Ruby Rorty (2019, University of Chicago) and Nicole Vandal (2019, 

Amherst College) also benefited from our reconstruction of land uses and urbanization 

trajectories for their respective summer projects about the sources and history of microplastic 

pollution in estuaries. Interns were funded by the Metcalf Fund of the University of Chicago, the 

Brown-MBL Link Awards of Brown University, and by the National Science Foundation REU 

Program.  
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Introduction 

Increased supplies of nitrogen (N) largely drive eutrophication and water quality issues in most 

coastal ecosystems of the world (Nixon 1995, Valiela 2006, Bricker et al. 2008, Howarth 2008). 

Increases in the supply of N to estuaries promote increased primary production, decreased water 

clarity, alteration of food chains, oxygen depletion of bottom waters, loss of seagrass beds, and 

increased frequency of harmful algal blooms (Sand-Jensen and Borum 1991, Duarte 1995, 

Valiela et al. 1997b).  

Nonpoint source N loading to coastal waters has become one of the most pressing environmental 

concerns in management of the coastal zone (Goldberg 1995, National Research Council 2000, 

Boesch 2002). The widespread increase in N loading to estuaries is commonly associated with an 

intensification of land use on watersheds (Valiela et al. 1997a, Jordan et al. 1997, Bowen and 

Valiela 2001a, Jordan and Weller 2006). In many places, such as the Northeast coast of the US, 

urbanization has become dominant, and contributes greatly to increased N loads to estuaries 

(Valiela et al. 1992, 1997a, Freeman et al. 2019). Global production of fertilizers increased in the 

last several decades (Galloway and Cowling 2002, Galloway et al. 2008), and fertilizers have 

become major sources of N to some estuaries (Lee and Olsen 1985, Hinga et al. 1991, Boynton 



et al. 1995, Jordan et al. 1997, Velasco et al. 2006). The increase of anthropogenic emissions of 

reactive N forms to the atmosphere and their subsequent deposition onto watersheds and coastal 

waters have also contributed to increased eutrophication in estuaries, particularly in areas located 

downwind from heavily industrialized and densely populated areas (Hinga et al. 1991, Paerl 

1995, Castro et al. 2001, Paerl et al. 2002). 

Despite widespread increases in N inputs from various human sources, a large fraction of the N 

delivered to coastal areas is effectively intercepted within watersheds, before those inputs reach 

estuarine waters. This interception is particularly large in those areas that still maintain large 

areas of natural vegetation, since forested tracts efficiently retain large amounts of N (Valiela et 

al. 1992, 1997a, Lajtha et al. 1995, Seely et al. 1998, Goodale et al. 2002).  

In the Northeast US coastal zone, forest cover increased rapidly following widespread 

agricultural abandonment from the end of the nineteenth century until the 1950s (Ramankutty 

and Foley 1999, Hall et al. 2002). Aggrading forests accumulate N in living biomass and soils, 

and form sinks for atmospheric N falling onto watersheds (Valiela et al. 1992, Lajtha et al. 1995, 

Seely et al. 1998, Goodale et al. 2002, Valiela and Bowen 2002). The relative influence of 

forested land cover on the amount of N reaching an estuary depends on the extent of forested 

covers on the watershed and the magnitude of N deposition with respect to other sources of N. 

The amount of N deposition on Northeast US watersheds peaked during the 1980s, parallel to an 

increase in emissions from highly urbanized and industrialized upwind areas in the Northeast and 

Midwest US, and southeastern Canada (Bowen and Valiela 2001b). N deposition remained 

relatively constant during the 1990s, but decreased after the turn of the century (Lloret and 

Valiela 2016). 



After the 1950s the Northeast US coastal zone experienced a rapid residential and commercial 

development. The conversion of vegetated land to other land covers implies a loss of the water 

quality subsidy furnished by forested tracts. Furthermore, the intensification of land uses is in 

most cases accompanied by an increase in other inputs of N such as wastewater inputs from 

residential areas, or fertilizer inputs from horticultural land, golf courses, etc. In this sense, as 

changes in N deposition took place, forested tracts were lost and watershed land uses intensified 

during the last decades, the overall watershed capacity to intercept land derived nitrogen and the 

relative importance of the water quality subsidy provided by natural vegetation have potentially 

decreased.  

In this paper we examined the impact of multidecadal losses in forest cover area on the overall 

capacity of coastal watersheds to intercept N inputs before they enter estuaries. We examined 

these changes, impacts and effects in the estuaries of Waquoit Bay, Cape Cod, MA estuarine 

system (Fig. 1), a system that offers the opportunity to compare the discharges of N load from a 

series of watersheds with contrasting histories and land cover mosaics, including quite different 

proportions of forest cover. We used a nitrogen loading model (NLM) (Valiela et al. 1997a, 

2000, Brawley et al. 2000) to assess on the relative effects of land cover and atmospheric N 

deposition changes across several decades, and calculate the impact of those changes on the 

amount of N intercepted by watersheds and the relative role of forested areas in that interception.  

 

Methods 

Modeling nitrogen loads 

To recreate historical N loads to the estuaries of Waquoit Bay we used an updated version of the 

Waquoit Bay Land Margin Ecosystems Research Project's N loading model (NLM, (Valiela et 



al. 1997a, 2000, Collins et al. 2000). NLM estimates watershed discharges of N into receiving 

estuaries, and can partition the sources into atmospheric deposition, wastewater discharges, and 

fertilizer use. NLM was derived from literature reviews and research in the Waquoit Bay 

estuarine system. It includes terms for each of the major sources of N and it applies each of these 

sources to the different land uses in the watershed, tracking the losses and transformations that 

occur as the N moves through the landscape. The model estimates have been validated (Valiela 

et al. 2000) and the associated uncertainties quantified (Collins et al. 2000).  

The watersheds of Waquoit Bay were delineated using USGS MODFLOW, an iterative program 

that models the paths of water parcels over known topography (Valiela et al. 1997a). To 

calculate N loads NLM uses data on land use mosaics in the watershed, as well as data on 

atmospheric N deposition, fertilizer use, and wastewater disposal, the three major sources of N. 

We compiled all available historical data and trends in land uses and N sources within the 

Waquoit Bay watershed. 

Reconstruction of historical land uses 

To model N loads into receiving estuaries, NLM requires inputs of the areal extent of major land 

covers within the adjoining watersheds. The land uses in the Waquoit Bay watershed include 

areas of natural vegetation, freshwater ponds and wetlands, agricultural land, cranberry bogs, 

impervious surfaces, lawns and turf, and the number of houses. We compiled historical land uses 

data from previous published studies, including data for the years 1938, 1944, 1951, 1955, 1963, 

1971, 1980, 1985, and 1990 (Bowen and Valiela 2001a), 2001 (Good 2004), and 2005 (Kinney 

and Valiela 2018). The Cape Cod Commission (CCC) furnished the most recent land cover data 

(2014), derived from satellite imagery. 

Atmospheric deposition data 



A historical reconstruction of nitrogen deposition to the study area from 1910 to 1990 was 

available from the literature (Bowen and Valiela 2001c). To complete the dataset from 1990 until 

2014, the most recent year included in our study, we compiled publicly available wet only 

deposition data from NADP and EPA CASTNET monitoring networks. Wet only deposition data 

was then converted to total N deposition by applying the same constant adjustment factors 

included in Bowen and Valiela 2001c. 

Fertilizer inputs 

Bowen and Valiela 2001a compiled and analyzed historical records of the rates of fertilizer 

application from regional trends, and reconstructed fertilizer application rates on horticultural 

crops, lawns, golf courses, and cranberry bogs for the study area from 1900 to 1990. This dataset 

was updated to account for recent changes in fertilizer use in the area with data provided by the 

CCC in available reports (Horsley Witten Group 2014). 

Wastewater inputs 

Wastewater in the Waquoit Bay watershed is disposed of via on-site septic systems. The 

historical reconstruction of the amount of wastewater-derived nitrogen released within the 

watershed was obtained from the number of individual houses, occupancy rates, and amount of 

nitrogen produced per person per year as done in Valiela 1997a. 

Estimating changes in watershed interception of nitrogen 

NLM permits calculation of interception of N within the watershed by tracking losses and 

transformations that occur as nitrogen delivered to land travels through the landscape and into 

estuaries. The different magnitude of that interception depends on how N is delivered 

(atmospheric deposition, fertilizer, wastewater), and the type of land cover considered. The 

overall N interception within studied watersheds across the decades was calculated as the 



difference between N inputs to the land and the final N loads to the estuaries for each particular 

year modeled.  

We performed additional NLM model runs in which we assumed that the whole watershed area 

was covered by naturally vegetation, and that the only source of interannual variability in N 

inputs to watersheds was due to changes in atmospheric deposition. The difference between 

modeled historical N loads and these all-forest calculations allowed us to estimate losses in 

watershed N interception originated by the conversion of forested tracts into other uses, and 

determine the amount of extra N load entering estuaries as a result of the loss of forested areas 

across the years. 

 

Results 

Reconstruction of historical land uses 

Our historical reconstruction of the land uses in the Waquoit Bay watershed revealed a 

progressive transformation of the land from the low-density rural landscape with large areas of 

natural vegetation present during the late 1930s to a much denser residential watershed observed 

in more recent years. Overall, a total of 1077 ha of forest have been lost over the course of the 

last eight decades (Fig. 2). The area devoted to agriculture decreased substantially from around 

400 ha occupied by crops and cranberry bogs that existed in the 1930s to early 1950s, to less 

than 100 ha in 2014 (Fig. 2). In contrast, urbanized residential area has increased, from 300 ha in 

1938 to more than 1,600 ha in 2014. This urban growth has occurred at the expense of the other 

land uses, particularly naturally vegetated areas (Fig. 2). 

Across the decades, the various subwatersheds in Waquoit Bay have undergone different decadal 

trajectories of urban development. Forested areas dominated the landscape in the late 1930s, 



ranging between 80% to 99% cover in the 6 major Waquoit Bay subwatersheds (Table 1). Until 

the 1950s, agricultural areas were present in all watersheds with the exception of Sage Lot Pond. 

In all six major subwatersheds, and as the decades advanced, there was a progressive loss of 

forested tracts and agricultural lands, and an increase in residential areas (Table 1). The different 

trajectories of development observed across the various subwatersheds have resulted in marked 

differences in the level of urbanization present today, ranging from the low 15-16% urbanized 

areas of Sage Lot Pond and Jehu Pond watersheds, to 42% and 49% urbanized land in the 

densely populated areas of Childs River and Eel Pond watersheds (Table 1). 

Changes in nitrogen loads 

Modeled N loads from land and into Waquoit Bay estuaries increased during recent decades 

(Fig. 3). During the first several decades considered in this study, loads to Waquoit Bay were 

dominated by atmospheric N sources. The amount of atmospheric N reaching the estuaries of 

Waquoit Bay remained relatively stable until the 1990s. Since then, atmospheric N loads have 

decreased substantially (Fig. 3), following the marked decrease in N deposition observed in the 

area (Lloret and Valiela 2016). Contrastingly, wastewater N loads showed a marked and steady 

increase during the entire study period (Fig. 3). Fertilizer N loads also increased (Fig. 3), due to 

an increase in the use of fertilizers in lawns and golf courses, while the amount of agricultural 

fertilizers have decreased.  

The relative importance of atmospheric N as sources to the loads entering Waquoit Bay estuaries 

has decreased in all six main Waquoit Bay estuaries (Table 2). The decrease in the percent 

contribution of atmospheric N to the final loads is mostly due to the increase in wastewater N 

contributions. This is particularly evident in those areas that have been more intensively 

urbanized, such as the Childs River and Eel Pond watersheds (Table 2). There was also a certain 



increase in the contributions derived from the use of fertilizers (Table 2), in many cases 

associated with urban development and use of fertilizers in lawns, parks, turf, etc. The decrease 

in atmospheric N deposition observed in the last couple of decades in the study area is 

responsible for large decreases in the relative contributions of this N source to recent loads 

entering the estuaries.  

Changes in watershed nitrogen interception 

The interception of N inputs within the watersheds of Waquoit Bay estuaries has decreased 

substantially during the eight decades considered in this study (Fig. 4). Watershed N interception 

in 1938, when forest covers were the predominant landscape feature, was very high in all 

watersheds, with a mean value of 89%, and ranging between 87% and 90%. In 2014, as many 

watersheds became urbanized, forested areas were cleared, and inputs of wastewater and 

fertilizers increased, watershed N interception decreased to a mean value of 79%, ranging from 

as low as 74% in the highly urbanized watershed of Eel Pond to a maximum of 84% in Sage Lot 

Pond (Fig. 4). 

Our calculations of the additional N loads resulting for the loss of forested areas and their 

conversion to other land uses across time in the different subwatersheds of Waquoit Bay revealed 

some remarkable trends. In all considered watersheds, the amount of extra N being released into 

estuaries per hectare of forested area lost increased along the decades (Fig. 5). In 1938, when 

occupation of the land was low and only rural landscapes were common, the excess N loads 

ranged between 1 and 3 kg N yr-1 ha-1 for each hectare of forested area lost in most cases. The 

only exceptions were Hamblin and Jehu Pond subwatersheds, were some urban development was 

already present in those days. As the decades advanced, the uses of land intensified, and the 

landscape of many subwatersheds became urbanized, the amount of extra N resulting from each 



hectare of forest lost increased substantially (Fig. 5). The increase was less marked in those 

systems with large upgradient freshwater ponds, such as the Childs River, Quashnet River and 

Sage Lot subwatersheds (Fig. 5). Overall, across the entire Waquoit Bay system, the amount of 

extra N entering estuaries per hectare of forest lost has increased more than six-fold, from a 

mean value of 1.8 kg N yr-1 ha-1 (range 1.1–17.8 kg N yr-1 ha-1) in 1938 to 12.1 kg N yr-1 ha-1 in 

2014 (range 6.6–31.9 kg N yr-1 ha-1) (Fig. 5). 

 

Discussion 

The magnitude of nitrogen loads to the estuaries of Waquoit Bay and other estuaries around the 

world, as well as the relative contribution of nitrogen by atmospheric deposition, fertilizers, and 

wastewater to those loads, depend on the specific mosaic of land covers present on the watershed 

surface (Valiela and Bowen 2002). In Waquoit Bay, there has been a transition within watershed 

mosaics from naturally vegetated tesserae to human land uses. As happened also in other coastal 

areas, the area of natural vegetation on the watershed of Waquoit Bay diminished dramatically 

from 1938 to 2014. Urban uses have become the dominant feature of the land cover mosaic, 

while land devoted to agriculture decreased. On the whole, the geographic transition that took 

place between 1938 and 2014 resulted in an intensification of land uses on the watershed of 

Waquoit Bay, and reduced the land covered by natural vegetation from 83 to 61% (Table 1).  

The changes in land cover were not uniform, with some decades witnessing larger rates of 

transition, and different subwatersheds transitioning at different times and rates. For instance, the 

conversion of natural vegetation to urban uses seemed to be particularly marked in the 1940s to 

1950s, again in the 1980s, and again in more recent years (Fig. 2). The time course of 

agricultural parcels was quite different, with a rise up to the early 1950s, and then a gradual loss 



as the economy could not sustain the small-farm crops of potatoes and strawberries characteristic 

of this region.  

The aggregate result of the observed land cover changes was an increase in nitrogen loads to 

receiving estuarine waters downgradient. Nitrogen loads to Waquoit Bay estuaries have 

increased substantially, mostly due to an increase in wastewater sources, but also as a result of a 

marked decrease in the ability of the watershed to intercept nutrients as naturally vegetated areas 

were being lost. In more recent years, the amount of nitrogen intercepted by the remaining 

forested areas decreased even further as atmospheric nitrogen deposition decreased by more than 

50% in the region (Lloret and Valiela 2016). 

Although the general trend of decreased watershed nitrogen interception and increased nitrogen 

loads is common to all studied subwatershed-estuaries within Waquoit Bay, marked differences 

were observed among the different systems. Much of that variability is due to differences in the 

timing and magnitude of urbanization and land use intensification across the various 

subwatersheds, but also to the particular landscape configurations present in the different areas. 

As land uses intensified, more marked changes in the amount of nitrogen interception and in 

final loads occurred in estuaries with smaller watersheds, such as Hamblin Pond and Jehu Pond. 

Also, the effects of urbanization on the final estuary nitrogen load were more marked when 

urban development occurred in the proximity (less than 200m) of the estuary edge, and less 

marked when the occupation of the land occurred inland and farther away from the water, 

allowing for certain interception of nitrogen within the vadose zone and the aquifer (Valiela et al. 

1997a). Further attenuation of nitrogen can be observed in subwatersheds that are connected to 

large upgradient freshwater ponds, such as Quashnet River and Childs River watersheds, and to a 

lesser extent the Eel Pond watershed. In those cases, further losses of nitrogen inputs from 



sources located upgradient occur within the ponds, and before the nitrogen enriched waters 

continue their transit through the aquifer and into estuaries. 

Despite observed differences among sites, the clear overarching trend is that the loss of forested 

lands and their conversion to other human uses resulted in decreased capacity for watershed 

interception and increased nitrogen loads to estuaries. The impacts of deforestation and land 

occupation aggravated across the decades as land uses in the area intensified, and landscapes 

transitioned from rural to urban. 

As in other parts of the world, the increasing eutrophication of Northeast US estuaries has 

aroused widespread interest in lowering, or at least managing, land-derived N loads. A traditional 

answer to the problem is the construction of wastewater treatment plants with tertiary treatment 

to promote N removal. This option has turned out to be prohibitively costly, and stakeholders, 

managers, and planners have sought less costly alternative strategies and technologies that could 

lower N loads. Among the many available options, it seems reasonable to think that some of the 

most cost-efficient alternative strategies to reduce N loads could be those aimed at increasing, 

improving, or at least maintaining the natural capacity of the watershed to retain and remove N 

before it reaches the estuary. In this sense, the preservation of vegetated tracts and naturally 

forested areas in watersheds could potentially be a very effective tool for management. 
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Table 1. Differences between 1938 and 2014 in the percentage of land area devoted to different uses 
in the various Waquoit Bay estuaries (other uses, features and covers like golf courses, wetland 
areas or ponds are not shown). 
   % forested  % agricultural  % urbanized 
Estuary Land area  1938 2014  1938 2014  1938 2014 

Childs River 1053  81 56  11 2  8 42 
Eel Pond 368  81 47  14 0  5 49 
Hamblin Pond 260  94 70  3 0  3 30 

Jehu Pond 422  97 81  2 0  1 15 
Quashnet River 2641  80 60  8 3  7 31 
Sage Lot Pond 119  99 72  0 2  1 16 
TOTAL 4863  83 61  8 2  6 33 

 

Table 2. Differences between 1938 and 2014 in total N loads from land, and the relative contribution of 
the different N sources to N loads entering the various Waquoit Bay estuaries. 

 
Total N load 

(kg yr-1) 
 

Atmospheric N 
(%) 

 
Fertilizer N 

(%) 
 

Wastewater N 
(%) 

Estuary 1938 2014  1938 2014  1938 2014  1938 2014 

Childs River 2,179 7,988  86 11  5 17  9 71 
Eel Pond 707 4,153  89 8  2 17  9 76 
Hamblin Pond 702 2,625  61 7  14 14  25 79 
Jehu Pond 849 2,615  86 12  12 21  2 67 
Quashnet River 5,412 8,926  92 26  5 25  3 49 

Sage Lot Pond 314 414  100 32  0 57  0 11 
TOTAL 10,163 26,720  88 16  6 21  6 64 

 



 

Fig 1. Map of the Waquoit Bay estuarine system. Dashed lines indicate the delineation of the 

subwatersheds for each of the six estuaries selected for this study. 

 



 

Fig. 2. Historical reconstruction of the land uses in the Waquoit Bay watershed. 

 

 



 

Fig. 3. Historical reconstruction of modeled nitrogen load to the Waquoit Bay estuarine system 

partitioned by source. 

 



 

Fig. 4. Historical reconstruction of the amount of nitrogen intercepted (expressed as a % of 

inputs) within the watersheds of the six selected estuaries. 

 



 

Fig. 5. Results of the calculations of the amount of additional nitrogen load resulting from the 

conversion of one hectare of forest cover to other human uses in the six selected estuaries. 

 


