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Executive Summary 

 

This project aims to address the extent to which Portland’s urban forest is an effective 

climate change mitigator, and pinpoint how and where the urban forest could be managed in 

order to maximize adaptive co-benefits for the city’s population. In Chapter 1 we evaluate 

Portland’s current and growing urban growth boundary to determine the land available for 

canopy expansion, as well as calculate potential solar panel coverage within city limits. We 



3 

Table Of Contents 

 

I. Introduction: overall framing and research questions  

II. Chapter 1: Mitigation  

A. Introduction 

B. Methodology 

C. Results 

D. Bottom line 

III. Chapter 2: Adaptation 

A. Introduction 

B. Methodology 

C. Results 

D. Bottom line 

IV. Discussion  

V. Summary of Key Findings and Policy Recommendations  

VI. References  

VII. Appendices  

1. Mitigation 

A. Discussion of Variables and Limitations 

a. Variable Ranking 

2. Adaptation  

A. 



4 

Introduction 

This report assesses the benefits, costs, and equity of Portland’s urban forest in order to 

suggest management practices that prioritize climate change adaptation and mitigation. We aim 

to answer Urban Forestry’s question, “Are we [Portland Urban Forestry] thinking about this 

problem correctly?” by conducting a comprehensive data analysis of the current and potential 

canopy and its role in climate change mitigation and adaptation. We hope to provide adaptable 

frameworks useful to the Department of Urban Forestry that can be updated as new information 

arises. This report is split into two chapters; Chapter 1 focuses on climate change mitigation, and 

Chapter 2 concentrates on climate change adaptation. 

Climate change mitigation and adaptation are two types of responses that improve the 

chances of survival for humanity and many of Earth’s organisms in the face of climate change. 

Mitigation entails reducing greenhouse gas emissions to decelerate the rate of warming at the 

source. Mitigation actions include reducing industrial emissions, switching to renewable energy, 

and removing carbon dioxide from the atmosphere. Adaptation entails changing infrastructural 

systems to accommodate for current and future climatic damage. Climate change adaptation 

includes a wide ar
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Chapter 1: Climate Change Mitigation 

 

Introduction 

Mitigating climate change is a crucial goal accomplished, in part, by the planting of trees 

in urban centers. The extent of the urban forest is determined by the costs associated with its 

establishment and the surface area available for tree planting. We therefore chose to focus the 

first part of our analysis on updating the potential canopy cover estimates based on a 

comprehensive suite of variables. While trees can sequester carbon, increasing canopy cover 

comes with a trade-off of reducing area available for other strategies for climate change 

mitigation – e.g., solar panels. Considering area available for solar panel installation alongside 

estimates of potential canopy area will allow for a greater opportunity to 
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Total Potential Solar Cover 

We then modified Equation 1 to include the housing and building area of Portland to calculate 

the percentage of available solar panel land, using the same variables as above plus additional 

variables defined below. 

 

Equation 2. The total area of potential solar panel coverage in Portland 

 NPB - (S+T+W+P-BTG-BTR+BGC+BRC-DBT-DGT) = AS 

[Total Land Available - Impervious Surfaces - Current Canopy + Non-shaded Rooftops - Current Solar Cover  = Potential] 

 

BTG = area around current trees not suitable for potential ground solar cover 

BTR = area around current trees not suitable for potential roof solar cover 

AS= total area of potential solar panel coverage in Portland  

 

Overall, we found the potential solar cover to be 42.79-46.70% of Portland’s total future 

expansion area. 
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.  

Figure 1. Our potential canopy findings (right) juxtaposed to those in “Tree Canopy and Potential in 

Portland, Oregon” (left). 
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Tree Financial Costs 

Equation 4. Tree Financial Costs 

   FIT + FMT = FT 

 

FIT = initial financial cost of tree acquisition and planting FMT = cost of tree maintenance 

FT = total financial cost of urban street tree in Portland. 

  

Table 1. Medium, High, and Low estimates for the financial and carbon costs of trees 

MEDIUM HIGH LOW 

financial tree: $1117.11/tree financial tree: $1326.80/tree financial tree: $907.42/tree 

carbon tree: 354.0 kg 

CO2/tree 

carbon tree: 278.9 kg 

CO2/tree 

carbon tree: 429.1 kg 

CO2/tree 

 

Solar Carbon Costs and Benefits 

 

Equation 5. Solar Panel Benefits 

 CTP + CSP - CMP = BP 

 

CTP = average carbon savings from solar in Portland  CSP = solar shading benefits 

CMP = carbon emissions for a solar panel over its lifetime BP = overall benefits of solar panels 

Solar Panel Financial Costs 

 

Equation 6. Solar Panel Costs 

   FIP + FMP = FP 

 

FIP = initial financial cost of solar panel + installation  

FMP = financial cost of solar panel maintenance over solar panel lifespan of 30 years 

FP = total financial cost of solar panel in Portland 
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Table 2. Medium, High, and Low estimates for the financial and carbon costs of solar panels. 

MEDIUM HIGH LOW 

financial solar: $6,286/kWh 

system 

financial solar: $7,108/kWh 

system 

financial solar: $5,256.9/kWh 

system 
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these actions take under consideration the inequalities associated with modern urban parks. The 

Action Plan notes that “Low income populations and communities of color in the Portland area 

are exposed to disproportionately higher levels of air pollution than predominantly White 

communities and moderate and higher income areas” (Climate Action Plan, 2015, 102). 

This project provides an analysis of the ecological and social vulnerability of Portland's 

urban parks. Our ecological vulnerability index is 
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PBOT matrix’s institutional support within the city of Portland. This matrix is based on national 

best practice, and on the guidance of Portland’s Office of Equity and Human Rights. PBOT has 

been including equity considerations in their work for many years, but their website notes the 

difficulty of standardizing and comparing results based on different measurements of equity. In 

this research it is our goal to provide analysis that can be integrated into larger equity goals and 

frameworks that exist in the city (Portland Parks and Recreation 2018).  

We compare PBOT’s social equity scores to a combined index of ecological vulnerability 

traits. This index includes species richness, diversity in mature tree size, functional diversity, and 

hydraulic diversity. Below we outline the methods used to score and rank each park based on our 

four variables of interest.  

Mature Size Diversity  

As with functional diversity, the literature does not suggest an ideal distribution of mature 

tree size for climate change adaptation or even resiliency. In this case we will again rely on the 

assumption that a greater distribution of traits in urban parks will allow for the greatest climate 

change resiliency. Each park’s tree size score is based on how close that park falls to an equal 

distribution: that is, one third small form trees, one third medium form trees, and one third large 

form trees. 

Functional Diversity  

The Portland Park Trees data set categorizes each individual tree based on broad traits, 

with a total of four categories. Trees are categorized as either conifer or broadleaf, and evergreen 

or deciduous. This creates a total of four categories; coniferous evergreen (CE), coniferous 

deciduous (CD), broadleaf evergreen (BE), and broadleaf deciduous (BD). Coniferous evergreen 

and deciduous broadleaf are most common and make up the majority of trees in Portland parks. 

The literature is inconclusive when it comes to the ideal distribution of each of these four 

functional categories, however it is clear that when preparing for the uncertain effects of climate 

change diversity is key. For this reason we ranked parks based on how close they come to an 

equal 25% split between these categories. This was done because we felt that given the lack of 

consensus in the literature it would be inappropriate for us to make a value judgment, beyond the 

more diverse the better approach. As our goal was to create a broad and inclusive index of 

important ecological traits we felt it was most important to diversify our areas of focus and make 

use of the information already available from the Park Tree Inventory. 
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Species Richness 

Species diversity has been calculated using a common measure of species richness. This 

was done by finding the total number of species represented in a park and weighting that score 

by the number of trees in that park. This means that if two parks have the same number of 

species, the park with less trees will receive a higher species richness score than a park with 

more trees but the same number of species.  

Hydraulic Diversity  

Hydraulic diversity is defined in Anderegg et al. 2018 as “standard deviation in Hydraulic 

Safety Margin” across all the trees in a given area. Hydraulic Safety Margin refers to the 

proximity of a given tree to critical levels of drought-induced water transport failure that often 

lead to limb failure or even death. Different species of trees are variably adapted to assorted 

drought conditions and as such demonstrate a wide array of different capacities for dealing with 

drought. Because of this diversity of evolved strategies, a stand of trees with higher hydraulic 

diversity will be better adapted to dealing with stressful conditions.. Calculations of hydraulic 

diversity were completed using a combination of Portland Park Tree Inventory data and Liu et al. 

2019’s database of taxa-specific hydraulic functional trait values. For each park site with 

sufficient data, 83 in total, the community-weighted mean and standard deviation in tree-level 

Hydraulic Safety Margin were calculated, and each park was given a score from 1-4 based on its 

hydraulic diversity relative to other parks. 

Each of our ecological vulnerability variables is scored from 1 to 4. Each of these values 

represents a quartile. A score of 1 denotes that the park in questions ranks among the lowest 25% 

of Portland parks, while a 4 is the highest 25%. Each park score for each category has been 

summed to create the final index score, which ranges from 4 to 16. A score of 4 implies that the 

park in question falls within the lowest quartile for every ecological vulnerability trait, and is in 

desperate need of attention. A score of 16 implies that the park with that score ranks in the 

highest quartile for each trait, and is therefore more likely to be resilient to climate change 

stressors. 
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Results  

 

Figure 2. Our Ecological Vulnerability Index overlayed with the PBOT Equity Matrix. 
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Figure 3. Histogram of Ecological Vulnerability Index Score frequency. 

 

 

Figure 4. Linear regression of Ecological Vulnerability Score vs. Social Vulnerability score 

(adjusted for left skew). R2 was calculated at 0.000564, demonstrating little to no relationship 

between the two variables.  

 



19 

 

Figure 5. Percent canopy cover distributed throughout Portland as reported in Portland’s 

Citywide Tree-Planting Strategy 2018. While climate-resilient parks as predicted by our index 

are distributed evenly throughout the city, overall canopy cover is still very inequitable.  

 

Table 4. Five parks with lowest overall vulnerability.  

Park Ecological Vulnerability Score 

(4 - 16 Most to Least 

vulnerable) 

Social Vulnerability Score 

(0 - 10 Least to Most 

vulnerable) 

Gabriel Park 15 4 

Cathedral Park 16 7 

Crystal Springs 

Rhododendron Garden 

15 7 

Brentwood City Park 15 7 

Couch Park 15 8 
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Table 5. Five parks with highest overall vulnerability.  

Park Ecological Vulnerability Score 

(1 - 16 Most to Least 

vulnerable) 

Social Vulnerability Score 

(0 - 10 
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offers a clear ranking of parks in terms of their need for resources. The mitigation group provides 

an analysis of the effectiveness of tree planting versus solar through flexible calculations. The 

variables for these calculations are clearly explained, and their sources are given so that anyone 

who is interested can do the calculations themselves or use the variables or calculations for other 

potential purposes. Our research is useful to city planners as well as to organizations offering 
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Summary of Key Findings and Policy Recommendations   

Our analysis updated potential additional canopy cover of Portland from the previously 

reported 23% to a much lower estimate, 10.49-10.54%, and established a potential PV solar 

panel cover of 42.8-46.7%, taking into account the future size of Portland. A cost/benefit 

analysis showed that solar energy is a superior carbon mitigator to trees in terms of $/kg CO2. 
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Table 7. Summarized variables included in equations 1 and 2.  

Potential             No Potential  

Pervious Surfaces  Area Under Tree Canopy Cover 

Parking Lots  Buildings 

Sidewalks  Water 

 Streets  

 PDX Primary Zone  

 Future Building Footprint  

 Ground Solar Buffer Area  

 Building Solar Buffer Area  

 

 

NPB= new portland boundary  

 389.76 km2 

To predict which areas will be annexed into Portland from the UGB and possible UGB 

extensions, the Buildable Lands Inventory and Growth Allocation GIS model (Oregon Metro 

2018) was layered on top of a current map of Portland. The future building footprints falling 

within Portland’s UGB were assumed to be on land that would be annexed, and were given a 

13.7 meter buffer region in order that the Polygon surrounding them would make a cohesive 

block. These new extensions were then connected to the city using the Union geoprocessing tool.  
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This variable was found by taking the length of all streets on the ‘streets’ PortlandMaps-

Open Data file laying inside the NPB, and multiplying by the average width of streets in ‘Street 

Plan’ file. This roundabout method was used because Portland’s streets are only coded as a line, 

so the streets planned to be built in Gateway, Central City South Waterfront, and Hayden Island 

polygons were used and averaged. This estimate is then likely low considering the larger streets 

in the city center and highways, but that effect is mitigated since canopy often hangs over streets. 

 

P= area of PDX primary zone  

 0.33 km2 

This is an area outside of the PDX airport that must be without tree canopy, data from 

PDX Primary Zone shapefile on PortlandMaps-Open Data.  
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medium, and high estimate buffer zones. The area of the buffer zones was then taken and 

multiplied by half, to account for the panel’s ability to get full light even if the space behind it is 

shaded. 

 

BRC = area around current roof solar panels not suitable for potential tree canopy cover 

0 km2 / 0.00051157 km2 / 0.03538258 km2 

Same buffer zone calculation method as BTG discussed below. In GIS, the buffer was 

applied by intersecting all solar panels with Portland buildings to see which were placed on 

rooftops. The buffer distance was added, and all area of buffer that intersected the rooftop was 

subtracted from the area not suitable for canopy cover. This number was then divided in half 

because a buffer is only necessary on the South side of the solar panel as that is the most face. 
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in Portland (Rhodes et al. 2014; Marsh 2018), which is the angle solar panels are optimally 

placed in Portland and roughly equivalent to Portland’s latitude. We used the tangent function to 
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AS= total area of potential solar panel coverage in Portland 

 40,236.16 acres of Solar Potential  

 41.78% of City Land  

 

Figure 10. Percentage of Portland’s Future land area by variable. 
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continuation of this project would benefit from i-Tree Eco analysis of these trees as well. To 

obtain our final values, we multiplied the 11.2 kg CO2/tree/year by the medium, high, and low 

estimated tree lifespans, 33 years, 40 years, and 26 years, respectively. 

 

CST = shading benefits of trees 

Medium: 49.731 kg CO2 saved/tree 

High: 60.28 kg CO2 saved/tree 

Low: 39 kg CO2 saved/tree 

 

Per year, 1.507 kg CO2 is mitigated due to the shading of buildings by a single average 

tree. The shading benefits of trees are defined as the carbon savings of an average size household 

from less air conditioning due to the shading of trees. Avoided overall electricity usage due to 

tree shading was calculated by the Western Washington and Oregon Community Tree Guide 
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Low: 51.48 kg CO2/tree 

 

Per year, 1.98 kg CO2 is emitted in the maintenance of an average tree. This value is the 

carbon emitted due to the maintenance of trees in Orlando, FL (Horn et al. 2015). To obtain 

estimates, Horn et al. distributed surveys to determine the most common tree maintenance 

activities in Orlando. Vegetation maintenance practices, specific maintenance equipment, and 

landscape characteristics were determined for residential parcels and were separated into tree, 

lawn, garden, and shrub maintenance categories. Determining the maintenance equipment type, 

frequency of use, and carbon (C) emissions of the equipment, allowed them to calculate the C 

emissions associated with the maintenance of one standard tree. These emissions calculations are 

specific to residential trees in Orlando, FL and likely differ with Portland's different tree 

compositions and maintenance routines. However, much of the canopy in Portland is maintained 

by residents so these numbers may be comparable to these residential tree maintenance 

estimates. To obtain our final values, we multiplied the 1.98 kg CO2/tree/year by the medium, 

high, and low estimated tree lifespans, 33 years, 40 years, and 26 years, respectively. 

 

BT = overall benefits of urban trees 

 Medium: 354.0 kg CO2/tree 

 High: 429.1 kg CO2/tree 

 Low: 278.9 kg CO2/tree 

 

Per year, we calculated that an average Portland tree mitigates 10.7 kg of carbon. The 

lifespan of a street tree is between 26 and 40 years (Roman and Scatena, 2011). This was the 

range we used to calculate the total amount of carbon sequestered, carbon emitted from 

maintenance, and avoided emissions from electricity savings for a tree. However, this is a 

conservative estimate for all trees in Portland; park trees are likely to have longer lifespans 

because their environmental conditions mimic their natural conditions more closely (McPherson 

& Kendall, 2014). To obtain our final values, we multiplied the 10.7 kg CO2/tree/year by the 

medium, high, and low estimated tree lifespans, 33 years, 40 years, and 26 years, respectively. 

 

Variables for Equation 4: Tree financial costs 
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FIT 
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The U.S. Energy Information Administration reports that the average carbon dioxide 

emissions from electricity is 1,009 lbs CO2/MWh or 1.009 lbs CO2/kWh in its United States 

Electricity Profile 2017. We use this value for the high end of the range. To make the data more 

usable and universal, we converted this new value to the metric system where (1.009 lbs of 
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in SE Portland. With these specifications, approximately 1,608 kWh/year of energy can be 

harvested from the sun. To obtain the lifetime carbon mitigated, we multiplied this second value 

by 30 years (Jordan and Kurtz, 2012). There may be some limitations to these calculations as not 

every spot in Portland may get the same amount of sunlight hours (thus, the 1,608 kWh/year of 

energy value could fluctuate) and also as the age of the solar panel system increases, it is 

possible that the solar capture efficiency could decrease, also affecting these values.  

 

CSP = shading benefits of solar panels 

 Medium: 325.6 kg CO2/kWh system 

High: 509.7 kg CO2/kWh system 

Low: 141.5 kg CO2/kWh system 

This variable is defined as the carbon savings of an average size household from less 

energy usage due to the shading of solar panels. Because this calculation has to be in units of 

CO2/kWh, we use the same value as the amount of carbon mitigated (not emitted) by using solar 

to calculate the approximate annual carbon savings that shade from solar panels can provide. 

Using a base temp of 70 degrees (F) for cooling degree days, there are on average 109 cooling 

degree day units per year in Portland, OR (Western Regional Climate Center). Using the value 

from Dominguez (2011) of 0.501 kWh of less energy used per day per one degree increase in 

temperature we get: (109 cooling degree day units)*(0.501 kWh saved)= 54.6 kWh per year in 

Portland, OR. 54.6 kWh per year was multiplied by the medium, high, and low values of carbon 

mitigated: 0.3112 kg CO2/kWh, 0.0864 kg CO2/kWh, and 0.1988 kg CO2/kWh, respectively. 

These new values were then multiplied by the approximate lifespan of a solar panel, 30 years, to 

obtain the carbon savings from shade for a lifetime of a  solar panel (Medium: 325.6 kg 

CO2/kWh system; High: 509.7 kg CO2/kWh system; Low: 141.5 kg CO2/kWh system). The 

0.501 kWh saved value was from a study conducted in San Diego. Because of the variations in 

temperature and weather between San Diego and Portland, this value might not accurately reflect 

what the true shade savings that a house in Portland might experience. Additionally, while it was 

not found to be as significant as cooling savings, the study also found that solar panels have the 

potential to provide heat savings during heating degree days by insulting roofs and trapping heat 

between the panel and the roof. Further analysis should be conducted to pinpoint the accurate 

cooling and heating savings PV solar can have on buildings in Portland. 
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CMP = carbon emissions for a solar panel over its lifetime 

 Medium: 0.0345 kg CO2-eq/kWh system 

 High: 0.045 kg CO2-eq/kWh system 

 Low: 0.018 CO2-eq/kWh system 

Values for this variable were borrowed from Fthenakis (2008), wherein they conducted 

an analysis of lifetime greenhouse gas emissions (GHG) for four types of photovoltaic solar 

technologies--multicrystalline silicon, monocrystalline silicon, ribbon silicon, and thin-film 

cadmium telluride. The values for these four types of solar were obtained from the Case 3 

scenario (U.S. grid mixture and Franklin database). The four values were averaged together and 

then converted to kg to match other variables--resulting in a value of 0.0345 kg CO2-eq./kWh. 

This is reported in kg CO2-equivalents instead of just kg CO2. This could slightly affect our 

final carbon calculations in that this carbon cost and maintenance value increase the amount of 

CO2 it reports because it includes other greenhouse gases in it. Future analysis for Portland 

should use updated data that reports in just CO2, not CO2-eq, and it should further analyze the 
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Forestry can be more equipped to know if the 33.3% goal is an obtainable target or needs to be 

reevaluated based on percent of that goal already met or that will be met easily with the added 

land that Portland will have in the future. Using data that accounts for the carbon and monetary 

costs and benefits of both solar panels and canopy cover, this project suggests that Portland 

should consider other options before relying solely on tree canopy expansion to mitigate the 

city’s climate change impact. These practices will put climate change mitigation at the forefront 

of the City of Portland’s agenda in its tree planting decisions. 
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Adaptation B: Additional Maps and Figures 

 

Figure 13. Map of Tree Size Diversity scores.  
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Figure 14. Map of Functional Diversity scores.  
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Figure 15. Map of Species Richness scores.  
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Figure 16. Map of Hydraulic Diversity scores. 
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Figure 17. Score frequency for each ecological vulnerability variable. 
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Adaptation C: Justification of Variables 

Lack of Biological Diversity Leads to Ecosystem Vulnerability 

The relatively haphazard planting and maintenance practices in the early days of 
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An understanding of hydraulic traits, the mechanisms through which water and nutrients 

are transp

 EMC  /.Tted throughout a plant, is key to developing a model that accurately represents the 

interactions between communities of trees and their surrounding environments. Recent studies 

have found hydraulic diversity, defined as “higher standard deviation in hydraulic safety margin” 

across the trees in a given site, to be one of the most imp

 EMC  /.Ttant up-and-coming predictC  /.Ts of a 

forest ecosystem’s response to changes in water availability (Anderegg et al. 2018, 538). 

Diversity in hydraulic traits plays a critical role in providing ecological stability to fC  /.Test 
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Adaptation D: Expanded Hydraulic Diversity Methods 

Key terms 

Hydraulic traits: Physiological mechanisms of water and nutrient transport within a plant.  

 Psi
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