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1. Abstract
Atlantic salmon (Salmo salar) is a species of anadromous fish that was historically prevalent throughout the New England region. Overfishing and habitat loss caused a severe decline in the salmon population, restricting North America’s remaining wild Atlantic salmon to rivers in Maine. Land use and land cover (LULC) change and factors associated with temperature and precipitation are important for understanding the suitability of freshwater habitat for juvenile salmon. In collaboration with the Maine Department of Marine Resources and the Downeast Salmon Federation, the team utilized NASA Earth observations to aid partners in understanding how these factors change in relation to critical salmon habitat. Landsat 5 Thematic Mapper (TM) and Landsat 8 Operational Land Imager (OLI) imagery were analyzed to assess changes in LULC between 1985 and 2021. Terra Moderate Resolution Imaging Spectroradiometer (MODIS) and Integrated Multi-satellite Retrievals for Global Precipitation Measurement (GPM IMERG) data were used to determine land surface temperature and precipitation, respectively, between 2000 and 2020. Lastly, temperature and precipitation anomaly maps visualized deviation from the 20-year climatic average for each pixel. LULC analysis for 1985 to 2020 showed a loss of forest cover throughout critical salmon habitat although gains in forested area were also observed. Assessment of mean summer land surface temperature revealed an increase in temperature from 2000 to 2020 and anomaly maps highlighted areas experiencing abnormally high or low summer precipitation and temperature. These results and the underlying data were packaged for the partner organizations to inform future conservation efforts.
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2. Introduction
2.1 Background Information
Atlantic salmon (Salmo salar) are an anadromous fish species native to New England (Figure 1). Juvenile salmon spend about 2 years in freshwater streams before smolting and migrating to the ocean. After several years in the marine environment, Atlantic salmon return to streams and rivers to spawn (Saunders et al., 2006). These migrations facilitate nutrient cycling and can be major carbon fluxes and food sources for terrestrial and piscivorous animals (Hilderbrand et al., 2004).

Atlantic salmon historically sustained commercial, subsistence, and recreational fisheries in Maine (National Research Council, 2004; Saunders et al., 2006). However, their populations have significantly declined due to dam construction, overfishing, pollution, and logging practices (Buchsbaum et al., 2005; Saunders et al., 2006). The Gulf of Maine Distinct Population Segment is home to the only remaining population of wild Atlantic salmon in the United States, which is protected as a Federally Endangered Species (Endangered and Threatened Species, 2000). Recovery of this Atlantic salmon population is important to ensure the continuation of the ecosystem services they provide and protect opportunities for restoring Maine’s fisheries.

The state of Maine (Figure 2) is temperate and heavily forested, with mild summers and cold winters (Runkle et al., 2017). The effects of current climate change in Maine include increased average temperatures and winter precipitation, greater storm intensity, and increased frequency of droughts (Frumhoff et al., 2007). These factors may impact critical salmon habitat and influence the survival and distribution of the Gulf of Maine Distinct Population Segment of Atlantic salmon (Jonsson & Jonsson, 2009).

Habitat recovery is crucial to restoring the stability of Atlantic salmon populations, particularly with respect to river temperature and streamflow (NOAA & USFWS, 2019; Piou & Prévost, 2013). Warming temperatures stress the thermal limits for survival, growth, and performance of Atlantic salmon (Jonsson & Jonsson, 2009). Additionally, reduced precipitation levels have the ability to alter streamflow, impacting habitat connectivity and water temperature during lower water levels. Changes in temperature and streamflow may be facilitated by land use and land cover change near salmon habitat. Practices such as logging, agriculture, and development may result in loss of riparian vegetation, which can impact the intensity of streamflow and warm stream temperatures due to the reduction of shade cover (Moore et al., 2005; Tang et al., 2005).

Satellite remote sensing has been used to understand climate and watershed variables relating to conservation and management of freshwater fisheries (Dauwalter et al. 2017). The team used NASA Earth observation products to explore how land surface temperature (LST), precipitation, and land use land cover (LULC) are changing throughout Maine. Data from Terra MODIS were used to create a historical record of land surface temperature and temperature anomaly maps from 2000 to 2020. Historical precipitation and anomaly data from 2000 to 2014 were obtained from GPM IMERG. The team also derived historical (1985 to 2021) land use land cover change information from Landsat 5 TM and Landsat 8 OLI imagery. 
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Figure 1. Image of an Atlantic salmon handled in the field (provided by the State of Maine Department of Marine Resources)
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Figure 2. State of Maine overlaid with watersheds containing salmon habitat (from Landsat 8 OLI, 2021).



2.2 Project Partners & Objectives
The Maine Ecological Forecasting team partnered with the Downeast Salmon Federation (DSF) and the Department of Marine Resources (DMR) to investigate changes in precipitation, temperature, and land use land cover over time within the state of Maine. The DSF works on conservation and restoration of Atlantic salmon habitats and river resources with specific focus on the rivers in Downeast Maine. Some of their programs include in-stream restoration, salmon stocking, conservation hatcheries, and dam removal. The DMR is interested in rebuilding Atlantic salmon populations through stream and habitat restoration work. As the mortality rate of Atlantic salmon migrating to the ocean is high, ranging from 8 to 71% (Thorstad et al., 2012), the goal of the Atlantic salmon restoration community is to have a larger population of salmon spawning in rivers, and therefore, a greater number of salmon making it to the ocean.

The Maine Ecological Forecasting team used NASA Earth observations and Terra MODIS to obtain historical precipitation and temperature data in hopes to provide context to historical and current salmon declines. The team created summer temperature and precipitation anomaly maps for the state of Maine from 2000 to 2020 along with LULC maps for the years 1985, 2003, 2021. The data provided by the team will allow for partners to more thoroughly investigate climate trends in areas that they are invested in.

3. Methodology
3.1 Data Acquisition
The Maine Ecological Forecasting team acquired NASA Earth observations spanning from 1985 to 2021. The team used Google Earth Engine (GEE) to obtain land surface temperature data as well as imagery for LULC maps (Table 1). The team also used Giovanni, an online data system developed and maintained by the NASA GES DISC, to obtain precipitation data from GPM IMERG. Furthermore, the team used the USGS National Land Cover Database (NLCD) to inform the classification scheme drafting process. The DMR provided Salmon Survey Data that contained known Atlantic salmon locations at various sample sites in Maine’s Downeast region streams and rivers. This dataset provided the team with historical records of Young of the Year (YoY) and juvenile salmon presence and absence in rivers. The Salmon Survey Data provided by the partners also included the Wright Habitat Suitability Model with flow line delineations for Atlantic salmon habitat. 

Table 1
List of Sensor and Data Products utilized for this project
	Platform and Sensor
	Data Product
	Dates
	Variable

	Landsat 5 TM
	10.5066/P9IAXOVV
	May – July 1985           May – July 2003 
	LULC

	Landsat 8 OLI
	10.5066/F78S4MZJ
	May – July 2020 
	LULC

	Terra MODIS
	[bookmark: _heading=h.30j0zll]MOD11A1
Land Surface Temperature and Emissivity Daily Global 1km
	March 2000 to September 2021
	Land Surface Temperature

	GPM IMERG
	GPM_3IMERGHHL
Global Precipitation Measurement (GPM) v6
	2000 – 2020
	Precipitation



3.2 Data Processing
3.2.1 Climate Variables 
The team processed Terra MODIS satellite imagery in GEE. Daily readings from Terra MODIS were compiled into monthly median image collections from 2000 to 2020 in order to reduce outliers and faulty LST readings. The team converted the MODIS LST values from Kelvin to Celsius at the 1-kilometer scale before creating a mean image composite from the monthly image collection. During initial attempts to obtain LST values for the state of Maine, the team attempted to calculate the mean LST value for each HUC-12 sub-watershed in the state of Maine. However, this proved to be too large of a request for GEE to process. To circumvent this limitation, the team exported the mean LST image composite from GEE and imported the data into ArcGIS Pro. After importing into ArcGIS Pro, the team used the Zonal Statistics as Table tool to calculate monthly mean LST for each HUC-12 sub-watershed hydrologic management unit in Maine from 2000 to 2020. The output was in a format that could be used to create files that were readable in RStudio. The team used Giovanni to generate monthly total precipitation averages for the whole state from GPM IMERG daily data and download into a CSV file for analysis in RStudio. Average monthly rasters for summer months were also downloaded directly from the Giovanni platform. These monthly average precipitation rasters were then pulled into ArcGIS Pro for analysis. 

3.2.2 Land Use Land Cover
The team used Landsat 5 TM and Landsat 8 OLI imagery to create historical LULC maps of land and inland water areas in Maine. Collection 2, Tier 1, Level 2 imagery was acquired in GEE, with Landsat 5 TM data used for 1985 and 2003 scenes while Landsat 8 OLI was used for 2021 scenes. The time range of May 1 to July 31 was selected based on leaf-on dates provided by the partners. The team cloud masked images in this time period and composited the images from each year using the greenest pixel method. The composites were exported from GEE to ArcGIS Pro for classification.

The composites from 1985 and 2003 had sections with visibly discernable clouded or sub-optimal imagery, which may have impacted classification and interpretation. The team drew polygons covering these areas and erased them from the composite. These areas were then filled using the same polygons clipped to composites from 1986 and 2002. The 1986 and 2002 composites were acquired using the same method as the 1985 and 2003 composites.

Once the three composites were imported in ArcGIS Pro, the team applied an Iso-Unsupervised Classification method within the ArcGIS Pro Image Classification Wizard. The RGB combination used for classification of imagery included SWIR1, NIR, and Red wavelengths. In that order, the corresponding band combinations were 5, 4, and 3 of Landsat 5 TM and 6, 5, and 4 of Landsat 8 OLI. The classification scheme was drafted by the team with input from the partners, and the NLCD was also used as a reference. The team finalized a foundational land classification scheme with the land cover types listed in Table 2.

Table 2
Classification Scheme used in LULC Mapping
	Value
	Land Cover Type
	Description

	1
	water and wetlands
	
Freshwater streams, lakes, and rivers that include salmon habitat


	2
	bare soil or sparsely vegetated
	
Areas not covered by vegetation, or covered by sparse vegetation, that promote runoff of pollutants into water system


	3
	forest
	
Mixed (coniferous and deciduous) forests


	4
	shrubs and agriculture
	
Prevalent historical land use, including crops, pastures, and blueberry fields similar to other woody shrubs in the region


	5
	urban developed
	
Built-up developed areas often with high impervious cover that promotes surface runoff of water and pollutants




3.3 Data Analysis
3.3.1 Climate Variables
In RStudio, the monthly mean LST and total precipitation readings for each HUC-12 were compiled into a CSV file and used to create a historical time series of climate data variables. These data were then visualized with line graphs. June through September were designated as summer months to assess historical variations in Maine's summer precipitation and temperature. In ArcGIS Pro, the team also created summer anomaly maps of temperature and precipitation for the years 2000, 2005, 2010, 2015, and 2020. In order to do so, the team calculated the mean summer LST and precipitation value for each pixel in the state of Maine via Cell Statistics from 2000 to 2020. Each of the output rasters from Cell Statistics included consistent No Data values of -2147483648. The team set these No Data values to null.

Then the team averaged each output raster from Raster Calculator into two 20-year climatic mean variable rasters: one for LST and one for precipitation. The team then used Diff, an Image Analyst tool in ArcGIS Pro, to subtract the pixel value for each indexed year from the newly created 20-year climatic mean 2000–2020 summer LST and precipitation rasters to create the Temperature and Precipitation Anomaly Maps. These anomaly maps visualize how each indexed year’s summer temperature and precipitation differs from Maine’s 2000–2020 mean summer temperature and precipitation. 

3.3.2 Land Use Land Cover Classifications
To assess the accuracy of unsupervised classifications of 2003 and 2021 land cover, the team used stratified random sampling to generate points across all land cover types. The team then exported these points to Google Earth Pro and used Landsat RGB composites from each year to cross reference the results of the unsupervised classifications and assess the accuracy of the results. Next, the team compiled the results of the accuracy assessments into error matrixes. The team also made a preliminary assessment of how land cover has changed over time. The focus was on discerning areas that transitioned from forest in 1985 to either bare soil, urban developed, or shrubs and agriculture in 2021. This decision was made since land cover classes can influence water runoff, erosion, nutrient-loading, and shade near freshwater ecosystems.

[bookmark: _heading=h.1fob9te]4. Results & Discussion
4.1 Analysis of Results
4.1.1 Climate Variables
The team analyzed trends in summer precipitation and temperature from 2000 to 2020. From the plot depicted in Figure 3a, there is a visible trend of increasing summer temperatures for the entire state of Maine. However, Figure 3b does not suggest a directional change in Maine’s summer precipitation. These results are comparable to the results found in the NOAA National Centers for Environmental Information State Climate Summaries (Runkle et. al 2017). The Maine State Climate Summary found that mean summer temperatures have increased by about 1 degree Celsius from the five-year period of 2005-09 to 2010-14. There has been a general trend of increasing precipitation over the state; however, most of the precipitation increases have been during the winter and spring seasons.
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Figure 3. Time series of (a) mean summer temperature and (b) mean summer precipitation between 2000 and 2020.

The temperature and precipitation anomaly maps in Figure 4 indicate that the spatial variation of climatic variables is highly irregular across the landscape of Maine. That being said, using finer resolution satellite sensors would further refine anomaly maps to more accurately show the spatial variation across critical salmon watersheds. The anomaly maps for 2020 show that the majority of areas in Maine are around the mean or warmer than the mean summer temperature of 73 degrees. Meanwhile, large portions of Maine demonstrated below average precipitation levels ranging from 0 to 40mm below average. In the latter years of the study, the general trend was that of average annual summer temperatures nearing or surpassing the 20-year mean. The annual anomaly maps of temperature can be found in Appendix A (Figures A1 - A5) and of precipitation in Appendix B (Figures B1 - B5). Clear patterns in Maine’s precipitation regimes were not detected. The years 2000 and 2020 were the most anomalously dry, while 2005, 2010, and 2015 experienced above average precipitation.
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Figure 4. Maine summer 2020 (a) temperature anomalies, in degrees Celsius and Fahrenheit, and (b) precipitation anomalies, in millimeters.

4.1.2 Land Use Land Cover Classifications
The team created three classified rasters for the entire state of Maine for the years 1985, 2003, and 2021 (Figure 5). The initial observations derived from the classified maps indicate a trend of ongoing afforestation in Maine as evident in the maps for 1985 and 2021. However, the classified maps also indicate an increase in urban developed areas.

One feature of note is the appearance of urban developed land cover in the northeast of Maine in 2003 (Figure 5). The urban area does not appear as starkly in 1985 or 2021. During validation for 2003, the team noticed agricultural plots being misclassified as urban areas which could be responsible for the northeastern hot spot observed in 2003. However, it could also be a result of irregularity in data quality, such as cloud presence, rather than an indication of change in land cover. 
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Figure 5. Land use and land cover of Maine in (a) 1985, (b) 2003, and (c) 2021.

In order for future work to build off of the LULC maps created in this term, the team validated the output classifications for the years 2003 and 2021. The team encountered technical difficulties during validation of the 1985 map and was unable to complete the task during the term. The results from the completed accuracy assessments indicate that 2003 had the highest accuracy of 82.28% while the accuracy of the 2021 classification was 80.38%.

The team also created a LULC change map as an introductory investigation and quantification of forest cover change in Maine. As visualized in Figure 6 below, the team calculated the total area of each land cover type for all three years. The team focused on areas in Maine where forest habitat in 1985 transitioned to either urban developed, bare soil, or shrubs and agriculture in 2021. The choice to focus on these transitions was made for a few reasons. Firstly, forest habitat provides shade and prevents erosion, which influences stream temperature and aquatic ecosystem nutrient loading, respectively. Secondly, urban areas increase impervious cover, facilitating flooding and contamination of water runoff. Thirdly, agricultural areas practice “tile drainage,” in which excess water runoff is cycled to a nearby drainage or water system. Given that Atlantic salmon productivity is highly susceptible to habitat quality changes, land cover changes facilitating water runoff in watersheds containing critical salmon could increase the likelihood of salmon habitat degradation. The results from the team’s preliminary assessment into how land cover has changed over time indicates that 361,025 hectares of forest transitioned to urban developed, 508,661 hectares transitioned to shrubs and agriculture, and 588,688 hectares were degraded to bare soil. Though these are not net changes, the results indicate that in total, 1,458,374 acres of forest transitioned to some land cover type or another that facilitates water runoff and nutrient loading. However, it is important to note again that an accuracy assessment was not completed for the 1985 LULC map. Therefore, confidence in these results could be increased by including validation from an accuracy assessment.

The results from the areal calculations of land cover types indicate little change in the urban and water classes. However, there seems to be considerable forest and shrubs and agriculture loss between 2003 and 2021. The loss observed in these classes coincides with a considerable increase in bare land cover. The large increase in bare soil could be caused by misclassification of land cover type; future work should seek to address this misclassification in the year 2021. However, forest and shrubland conversion is not unusual for Maine considering the state’s active forestry practice and the development of formerly rural areas.

Google Earth Pro imagery was used to validate land cover classification categories to maintain consistency in methods between years. However, for the earlier years of the study period, 1985 and 2003, image options were limited and in cases Google Earth Pro imagery was not available for the entire state. Additionally, some locations only had winter imagery available in 1985, which made it difficult to discern forest areas when trees had shed their leaves. Furthermore, the resolution and quality of pre-2003 Google Earth Pro images made it difficult to discern between forest and wetland land cover types. This introduced some uncertainty into the LULC results.

Some implicit sources of error when using Landsat data were present in this project. Residual cloud contamination could contribute to errors in classification. In most instances where this risk was present, the clouds were classified as the same category consistent with “urban developed” areas by the classification wizard. Some areas in water bodies were also misclassified as “urban developed.” Furthermore, during validation the team noticed that farmlands would commonly be misclassified as “urban developed” or “bare soil.” Other interesting observations included highways misclassified as water and difficulty differentiating between forest and wetland areas.
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[bookmark: _heading=h.3znysh7]Figure 6. Maine land use land cover areal changes for 1985, 2003, and 2021.

4.2 Future Work
Further work should include validating the 1985 classification map, refining LULC maps created in this DEVELOP term, and forecasting LULC to 2040. Additional work could distinguish between coniferous and deciduous forests, as well as woody and non-woody wetlands, to account for differences in shade provided to streams, which can influence temperature. Ultimately, classifying more specific land cover categories and investigating net LULC changes would further inform the partners’ work in the field. During validation, the team discovered numerous locations in Maine that could be useful for training a supervised classification scheme. For instance, the airport near Bangor could be used for training the classifier to identify Urban Developed areas, and the farmlands west of Waterville or in northeastern Maine could be used to train a potential “farm” class. Future efforts should investigate using NLCD land cover maps for validation.

Future work could also look for correlation between partner-provided fish presence datasets and observed temperature, precipitation, and LULC at sample sites. Project team members could work with partners to determine critical temperature and precipitation thresholds to create stratified risk categories to geospatially visualize the relationship between LST, precipitation, and salmon performance. Project partners may also find use in curated indices displaying days above temperatures of interest.

[bookmark: _heading=h.2et92p0]5. Conclusions
The preliminary forest change results suggest that an estimated 1,458,374 hectares of forest land cover in Maine transitioned to urban, shrubs and agriculture, and bare soil over the study period. However, interpretation of this result should not fail to consider that the LULC classification for 1985 has not been validated, and the 30-m pixel resolution of Landsat is a limitation. Nonetheless, the loss of carbon sequestration-capable areas due to deforestation is a known driver of climate change. The temperature and precipitation anomaly maps indicate that these parameters are highly variable across the landscape. The temperature anomaly maps show larger surface areas nearing or surpassing Maine’s 20-year mean summer temperature towards the end of the study period. The precipitation anomaly maps do not indicate increasingly wet or dry summers. Furthermore, the summer mean temperature time series plot indicates a general trend in warming temperatures. It is interesting to note that our mean summer precipitation time series plot did not support strong evidence for decreasing summer precipitation. Considering the high spatial variability of rain and temperature across the landscape, finer spatial resolution data and smaller study areas would be necessary to discern definitive trends in precipitation and temperature within salmon habitat. The climatic anomaly maps and time series data allows for partners to investigate smaller critical study areas like the Machias, Narraguagus, and Union watersheds via the unique HUC-12 ID delineations. Historical Earth observation data provides context to the documented history of Atlantic salmon decline in the state of Maine. Future research should attempt to correlate partner-provided fish presence data in Maine to land surface temperature and precipitation trends in an effort to assess the relationship between climate and salmon decline.

The LULC maps serve as example applications and methods to investigate historical and ongoing LULC change near critical salmon habitat. The LULC maps for 2003 and 2021 were more than 80% accurate and quantified areal changes of habitat across Maine. These LULC maps provide preliminary results for our partners to investigate LULC change within the critical salmon habitat that they work to restore. Future work can further refine the classification scheme to discern between deciduous and evergreen forest types while working to better inform the classifier and improve accuracies. Despite being preliminary results, the LULC maps identified key objects of interest to salmon conservation. One such object of interest is the dam at the Androscoggin River reservoir; further investigation here could help partners to understand the impacts of dam building and resulting LULC changes along key Atlantic salmon rivers over time. With LULC mapped statewide, partners can clip the data to shapefiles of watersheds that include Atlantic salmon migratory rivers.

The complex life cycle of Atlantic salmon makes them extremely susceptible to habitat change and challenging to monitor. The introduction of remote sensing-based temperature, precipitation, and land use land cover monitoring in Maine provides additional context for assessing the impact these habitat variables have on Atlantic salmon populations and management strategies. NASA Earth observations can be used alongside in situ observations to obtain historical and baseline datasets that can inform conservation and policy-making efforts.
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7. Glossary
Anadromous – Pertaining to fish, i.e., salmon, that migrate upstream from the sea for spawning
DMR – The State of Maine Department of Marine Resources
DSF – The Downeast Salmon Federation
Earth observations – Satellites and sensors that collect information about the Earth’s physical, chemical, and biological systems over space and time
GEE – Google Earth Engine 
GPM IMERG – The Integrated Multi-satellitE Retrievals for Global Precipitation Measurement 
HUC-12 – Sub-watershed hydrologic management unit used by the National Hydrology Dataset
Landsat – Family of satellite missions in NASA’s earth observing fleet
Land Surface Reflectance – Values from the reflectance of the electromagnetic spectrum off surface cover
LST – Land Surface Temperature 
LULC – Land Use Land Cover
MODIS – Moderate resolution Imaging Spectroradiometer 
NLCD – National Land Cover Database
OLI – Operational Land Imager
Parr – Pre-smolt young salmon 
Smolt – Life cycle stage wherein salmon first migrate to sea
TM – Thematic Mapper
YOY – Young of the Year, fish born in the current year
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9. Appendices

Appendix A
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Figure A1. Temperature Anomaly Map for Maine (2000)
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Figure A2. Temperature Anomaly Map for Maine (2005)
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Figure A3. Temperature Anomaly Map for Maine (2010)
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Figure A4. Temperature Anomaly Map for Maine (2015)
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Figure A5. Temperature Anomaly Map for Maine (2020)


Appendix B
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Figure B1. Precipitation Anomaly Map for Maine (2000)
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Figure B2. Precipitation Anomaly Map for Maine (2005)
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Figure B3. Precipitation Anomaly Map for Maine (2010)
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Figure B4. Precipitation Anomaly Map for Maine (2015)
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Figure B5. Precipitation Anomaly Map for Maine (2020)
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