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Abstract: 

Since 2010, Lassen National Forest has implemented Group Select and Diversity 

Thinning treatments, consisting of the removal of all but 2-4 seed trees in a <2 acre area 

and removing 40-50% of canopy cover, respectively, to reduce fuel loads, restore historic 

species composition, and re-establish a healthy, fire-adapted, and drought resilient 

landscape. The purpose of this study is to further our understanding of how these forest 

management practices influence ecohydrologic processes in the soil-tree-atmosphere 

continuum. Modifying forest density and canopy structure impacts local mass and energy 

budgets, resulting in changes to forest microclimates, precipitation partitioning, and 

evapotranspiration. The Ashpan monitoring site is present in Lassen National Forest in 

the upper Hat Creek catchment, just north of Lassen Volcanic National Park, to discern 

the impacts of forest management practices on forest-water interactions. This work uses 

micrometeorological observations, tree stem cores, and stable isotopes of water to 

identify the effects of forest structure modifications on understory microclimate, radial 

tree growth, and tree water source depth. Analyses of air temperature, shortwave 

radiation, wind speed, and relative humidity observations indicate that Group Select and 

Diversity Thin treatments increase diurnal extremes of air temperature and vapor pressure 

deficit compared to an adjacent untreated forest. Similarly, results demonstrate that 

Group Select and Diversity Thin treatments increase understory wind speeds and 

shortwave radiation incident at the forest floor by factors of 2 to 5. Analyses of tree stem 

cores reveals the thinning treatments increased radial tree growth by a factor of 2 to 3 in 

the Group Select and 1.5 to 2 in the Diversity Thin treatments. Although long-term tree 

growth exhibits significant positive correlations to winter and spring air temperature, fall 
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and winter precipitation, and fall discharge in Hat Creek, and negative correlations to 

summer air temperature, our results suggest winter and spring air temperatures are the 

primary factor limiting tree growth in ponderosa pine at the Ashpan monitoring site. 

Stable isotope results suggest that mature ponderosa pine at the site source water from 50 

– 100 cm depth in June and then shift to mean source depths greater than 100 cm in 

September in response to annual soil moisture recession. Stable isotope results show 

changes in forest density and structure do not influence mean source depth of root water 

uptake. Stable isotope results, and a subsequent catchment water balance, reveals that 

groundwater discharge at Big Spring can be plausibly balanced by a recharge fraction of 

0.4 across the 275 km2 catchment above the spring. Current forest management practices 

in Lassen National Forest increase forest productivity, resilience to drought, and promote 

spatial diversity in microclimates. Future research should consider how changing climate 

could dampen or exacerbate these impacts to inform management decisions best. 
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1.1 INTRODUCTION 

Wildfire intensity and frequency are on the rise and land managers all over the world are 

implementing a wide variety of forest management practices to mitigate the risk of 

catastrophic wildfire. In the western United States, the US Forest Service employs 

various forest management practices to reduce the risk of high severity wildfire and 

ensure forests are healthy, productive, and diverse ecosystems. Lassen National Forest 

has utilizes a vegetation management program that consists of a variety of forest thinning 

treatments aimed at re-establishing an ecologically resilient, fire-adapted landscape 

(USDA Forest Service, 2011). 

 

The purpose of this work is to further our understanding of the impacts of forest 

management practices on ecohydrological processes occurring within the soil-tree-

atmosphere continuum (STAC) in terms of forest water use and productivity. It is well 

documented that forests influence many aspects of the hydrologic cycle (Varhola et al., 

2010; Buttle, 2011). Removing forest canopy cover and modifying forest structure 

influences the local climate, soil water recharge, and evapotranspiration processes 

(Rambo and North, 2009; Ma et al., 2010; Buttle 2011). Still, there is uncertainty in the 

extent that forest management practices (forest thinning) impact ecohydrological 

processes in a particular forest due to differences in site variables (forest type, regional 

climate, soil type, etc.) and analytical methods (paired catchment, time series analysis). 

Thus, to evaluate forest management practices in the Burney-Hat Creek Basins 
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Collaborative Forest Landscape Restoration Program (CFLRP), a site-specific 

understanding of the impacts to ecohydrological processes within the STAC is needed. 

 

1.1.2 Study Area and Instrumentation 

Our study area consists of two forest treatments within the Panner Timber Sale, which 

was planned under the North 49 Environmental Impact Statement and later included in 

the Burney-Hat Creek Basins Collaborative Forest Landscape Restoration Project 

(CFLRP). The site occupies an area approximately 1 km2 in the Hat Creek watershed of 

Lassen National Forest (Panner Unit 321, 40.5 °N, 121.5 °W), located at 1664 meters 

above sea level on slopes <20° with a southern aspect. This study area is located on the 

southern side of Ashpan Butte and will henceforth be referred to as the ‘Ashpan study 

site’. 

 

One thinning treatment studied here is a Group Select treatment, in which all but four or 

fewer large (> 76 cm DBH) seed trees are removed in a ~0.8 ha area to promote uneven-

aged stands. The other thinning treatment, Diversity Thin, consists of structural thinning 

of all size classes less than 76 cm DBH, thinning of all or most adjacent trees less than 76 

cm DBH within a radius of 9.15m of dominant overstory trees (>76 cm DBH) , and 

irregular shaped retention islands accounting for roughly 15% of the treatment area. The 

Diversity Thin treatment reduced canopy cover by 50-60% on average and was designed 

to promote structural diversity and increase the number of ponderosa, Jeffery, and sugar 

pines with diameters at breast height (DBH) greater than 60 cm (USDA Forest Service, 

2008). The Group Select and Diversity Thin treatments are compared to an adjacent stand 
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that was left untreated and unmodified as a Home Range Core Area (HRCA) for the 

California spotted owl (Stix occidentalis), denoted as the “Control”. 

 

Figure 1.1  

The Ashpan study site in Lassen National Forest (black star in the inset map of California). The 

locations of the micrometeorological monitoring stations are marked in yellow. The location of focal 

trees for chapters 2 and 3 are marked in orange. Focal trees that were sampled for isotopic analysis 

have a black dot in the orange circle.  

 

Micrometeorological monitoring stations in each plot measure incoming solar radiation 

(0-1800 ± 5% W/m2), wind speed (0.5-89 ± 1 m/s) and direction, relative humidity (0-

100 ± 3%), and air temperature ( -40-60 ± 0.5°C) (eKo PRO Series ES2000 Memsic, 

Inc.; Andover MA). Measurements are transmitted locally through a wireless self-
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organizing node network to a central field computer, then transmitted to UNR via Sprint 

data services. Six individual ponderosa pine (i.e. focal trees) and adjacent soils were 

sampled in April, June, and September of 2019 and analyzed for stable isotopes of water 

(18O and 2H). Twenty-four individual ponderosa pine selected for dendrochronological 

analysis were sampled in September 2019. 

 

1.1.3 Research Objectives 

Previous research in the Burney-Hat Creek Basins CFLRP analyzed soil moisture, sap 

flux velocity, and distributed temperature sensing data to evaluate the impact of Group 

Select and Diversity Thin treatments on annual soil moisture recession (Gaffney, 2016), 

snow duration (O’Halloran, 2018), and tree transpiration (O’Halloran, 2018). As part of 

the Burney-Hat Creek Basins CFLRP, this study builds off previous work (Gaffney, 

2016; O’Halloran, 2018) and investigates the impact of forest structure modification on 

understory microclimate, tree growth, and water source depth to determine the following: 

1. How do Group Select and Diversity Thin treatments affect understory air 

temperature, incoming shortwave radiation, wind speeds, and vapor pressure 

deficit in dry mixed-conifer forests? 

2. To what extent do Group Select and Diversity Thin treatments impact radial tree 

growth in large ponderosa pine? Additionally, what are the historical relations 

of radial growth in ponderosa pine to temperature, precipitation, and streamflow 

in the North 49 project area? 

3. Does the depth of root water uptake by ponderosa pine vary throughout the 

growing season? Furthermore, do Group Select and Diversity Thin treatments 



5 

 

impact the depth from which mature ponderosa pine uptake soil water as 

compared to an unthinned stand? 

The first chapter of this study evaluates impacts on four components of understory 

microclimate using four years (2014-2017) of micrometeorological observations at 

monitoring stations within each treatment. This chapter includes a re-analysis of 

shortwave radiation and air temperature records analyzed by Gaffney (2016) to offer a 

new perspective of the impact to understory microclimate using a longer dataset. The 

second chapter of this study investigates the growth response of large ponderosa pine to 

vegetation management treatments and characterizes the long-term growth-climate 

relationship at the site. The third chapter of this study uses stable water isotopes to 

explore seasonal changes in soil water uptake depth of large ponderosa pine. Specifically, 

this chapter examines the isotopic signature in precipitation, soil water, and xylem water 

in the 2019 water year to identify how water source depth changes throughout the 

growing season and evaluate the impact of forest management practices to root water 

uptake dynamics. 

 

References will be provided at the end of each chapter, as some chapters are written with 

the intent of publication. There is some overlap between chapters, particularly in the 

study site description, because all three chapters share a common study area. Thus, 

previous chapters will occasionally be referenced for brevity. 
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Chapter 1: Impacts of Forest Thinning on Understory 

Microclimate 

2.1 INTRODUCTION 

Fuel reduction and ecological restoration treatments have become a critical management 

priority in western forests, including the dry mixed-conifer forests of the northern Sierra 

Nevada and southern Cascade ranges. Current forest management in the region is aimed 

at reducing stand densities, while also restoring historic species composition (USDA 

Forest Service, 2008). Mechanical thinning prescriptions, such as Diversity Thin and 

Group Select, are commonly utilized as restoration techniques (North et al., 2007). The 

Group Select treatment consists of the removal of all but four or less large (> 76 cm 

DBH) seed trees in a ~0.8 ha area, while the Diversity Thin consists of structural thinning 

of all size classes less than 76 cm DBH, removal of all or most adjacent trees less than 76 

cm DBH within a 9.15m radiaus of dominant overstory trees (>76 cm DBH), and 

irregular shaped retention islands (~15% of the treatment area). However, the effects of 

these treatments on understory microclimate remain not fully understood (Ma et al., 

2010). 

 

Microclimate is the suite of climatic conditions in a localized area near the earth’s 

surface. Environmental variables, including air temperature, light, wind speed, and 

moisture, characterize the microclimate at any given location (Chen et al., 1999). 

Microclimate is critical to understanding ecological functions because microclimate 

determines the temperature of air and soils, and the availability of water and light, which 
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in turn control various ecological processes and services (Ma et al., 2010). Although it is 

well known that forest management practices can alter vegetation cover and 

microclimatic variables at the stand-level (Aussenac, 2000), the difficulty of accurately 

assessing microclimatic conditions under forest canopies persists since microclimatic 

variables are highly dynamic and correlated in space and time (Horne & Schneider, 

1995). 

 

Modifications of forest structure and density can affect directly or indirectly affect forest 

microclimate because forest canopy characteristics exert significant control on various 

components of water and energy budgets at the land surface. In mountainous headwater 

catchments, such as Lassen National Forest, net evapotranspiration (ET) is among the 

most critical hydrologic components impacted by modifications of forest structure and 

density. Forest density and structure modifications have been shown to influence the 

hydrologic cycle directly by altering canopy interception and snowpack accumulation 

(Varhola et al., 2010). Indirect effects, such as changes to snowpack ablation and ET, 

often stem from differences in components of the land surface energy budget. Energy 

fluxes, including radiative, sensible and latent heat, and ground conduction at the land 

surface, are key drivers of snow ablation and ET (Boon, 2007; Dingman, 2015). Forests 

emit longwave radiation, and in general, as forest density increases, so does net longwave 

radiation. Forests also intercept incoming shortwave radiation and act as roughness 

elements to airflow, reducing shortwave radiation fluxes reaching the forest floor and 

wind speeds below the canopy (Essery et al., 2008; Jeffrey, 1968; Musselman et al., 

2015). The effects of forests on short- and long wave radiation fluxes, and wind speeds, 
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in turn, influence soil and air temperature. Air temperature, shortwave radiation, wind 

speed, and moisture availability are major components of microclimate and impact the 

magnitude of sensible and latent heat fluxes, ET processes, and snow ablation dynamics.  

 

Previous investigations on Lassen National Forest have focused on the effects of Group 

Select and Diversity Thin treatments on the land surface water and energy budgets. 

Gaffney (2016) analyzed air temperature and shortwave radiation to assess the impact of 

vegetation management treatments on understory microclimatic conditions associated 

with changes in forest structure and density. Analyses of air temperature records 

suggested Group Select and Diversity Thin treatments reduce winter sub-canopy air 

temperatures by ~0.4-0.6 °C (Gaffney, 2016). The warmer winter temperatures in the 

unthinned Control forest may result in higher potential evapotranspiration (PET) in the 

winter months relative to Diversity Thin or Group Select treatments (Gaffney, 2016). 

O’Halloran (2018) used distributed temperature sensing along a fiber optic cable to 

evaluate the effects of canopy density on snowpack accumulation and ablation processes. 

Canopy density was shown to be inversely proportional to snow depth (i.e., snow water 

equivalent), and snow ablation rates were found to be slower in open areas relative to 

areas under forest canopy (O’Halloran, 2018). Due to increased accumulation magnitude 

and lower ablation rates, snow has been shown to persist longer in open areas relative to 

under forest canopy in forests with average winter temperatures greater than -1 °C 

(Dickerson-Lange et al., 2017; Lundquist et al., 2013; O’Halloran, 2018). It is possible 

that in these forests, the majority of melt occurs when the ratio of shortwave to longwave 

radiation is lower, and air temperatures are cool (Lundquist et al., 2013; O’Halloran, 
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2018). However, other environmental variables, such as wind speed and humidity, may 

also exert significant control over snow ablation processes (Harpold & Brooks, 2018). 

 

2.1.1 Research Objective 

This study builds off the previous research of forest management practices at the Ashpan 

study site in Lassen National Forest (Gaffney, 2016; O’Halloran, 2018) to investigate 

how forest structure modifications influence sub-canopy micrometeorological conditions. 

Data from previous research (Gaffney, 2016) were re-analyzed to include measurements 

of air temperature and shortwave radiation during 2016 and 2017. The objective of this 

work is to assess the intra-annual impacts of Group Select and Diversity Thin treatments 

to understory microclimate in a dry mixed-conifer forest. Specifically, this investigation 

seeks to answer the following question: How do Group Select and Diversity Thin 

treatments affect understory air temperature, incoming shortwave radiation, wind speeds, 

and vapor pressure deficit in dry mixed-conifer forests? Based on first principles of land 

surface energy budgets and previous work (Rambo and North, 2009; Musselman et al., 

2015; Ma et al., 2009; Essery et al., 2008; Jeffrey, 1968), we expect the Group Select 

treatment to increase shortwave radiation incident at the forest floor by a 100% or more 

due to greatly reduce canopy interception. We expect that the Group Select will exhibit 

lower daily minimum temperatures due to increased radiative heat losses to the 

atmosphere, contributing to increased daily variability in air temperature and vapor 

pressure deficit. We expect that the removal of the canopy in the Group Select will result 

in increased wind speeds due to a reduction of roughness elements (tree boles and 

boughs), and hence, less frictional losses. We expect the Diversity Thin treatment will 
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result in similar impacts to each environmental variable, but that the impacts will be of a 

magnitude lesser than those expected in the Group Select based on comparison of 

vegetation surveys completed at Ashpan in 2014. 

 

2.2 METHODS 

2.2.1 Study Site 

The Ashpan study area is in Lassen National Forest within the Panner Timber Sale 

(Panner Unit 321, 40.5 °N, 121.5 °W), at an elevation of ~1650 m on slope <20° with a 

southern aspect. Panner timber sale was planned under the North 49 Environmental 

Impact statement, implemented in 2011, and later included in the Burney-Hat Creek 

Basins CFLRP to monitor the hydrologic impacts of two forest management treatments.  

 

The study area consists of four monitoring sites that encompass an area roughly 1 km2 in 

the Hat Creek catchment (Figure 2.1). A Group Select treatment, in which all but large 

(>76 cm DBH) seed trees (n  4) were removed in a ~0.8 ha area, was implemented at 

one site to promote uneven-aged stands. At another site, a Diversity Thin treatment was 

implemented and consisted of structural thinning of the general matrix, radial release of 

large overstory trees, and retention islands (i.e., 15% of the stand remained unmodified). 

The Diversity Thin treatment reduced canopy cover by 40-50% on average and were 

designed to promote structural diversity and increase the number of ponderosa, jeffery, 

and sugar pines with diameters at breast height (DBH) greater than 60 cm (USDA Forest 
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Service, 2008). One site was left untreated and unmodified as a Home Range Core Area 

(HRCA) for the California spotted owl (Stix occidentalis), denoted as the “Control”.  

  

The Ashpan study site has a typical Mediterranean climate with warm, dry summers and 

cool, wet winters. The average annual precipitation over 56 years of record is 1053 mm 

(WRCC, 2020), according to records from a long-term weather station at Manzanita 

Lake, 7 km southwest of the site, and ~130 m higher in elevation. White fir (Abies 

concolor) dominates the forest at Ashpan, but ponderosa pine (Pinus ponderosa), Jeffery 

pine (Pinus jefferyi), sugar pine (Pinus lambertiana), and incense cedar (Calocedrus 

decurrens) are also present. Understory vegetation at Ashpan consist of dominantly white 

fir saplings and Greenleaf manzanita (Arctostaphylos patula). A core objective of the 

North 49 Forest Health Recovery Project was to restore historical species composition by 

reducing shade-tolerant white fir populations and encouraging the growth of ponderosa, 

jeffery, and sugar pines (USDA Forest Service, 2008). 
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Figure 2.1  

The Ashpan study area in Lassen National Forest (black star in the inset map of northern 

California). The locations of the micrometeorological monitoring stations are marked in yellow. 

 

Continuous measurements of understory climatic conditions were collected using a 

wireless, self-organizing network of stations. Each station consists of a cluster of 

meteorological instruments recording values of incoming solar radiation, wind speed and 

direction, relative humidity, and air temperature (See 1.1.2 for more information). All 

meteorological measurements were recorded at 2 meters above the forest floor. Each 

station collected measurements in 15-minute intervals and transmitted the data to a 

central field computer equipped with cellular modem data transmission four times per 

day. Records from calendar years 2014 through 2017 were selected for analysis in this 
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work. Data are fully available via the CUAHSI Water Data Services Portal 

(http://hiscentral.cuahsi.org/pub_network.aspx?n=4561). 

 

2.2.2 Data Analysis 

We selected micrometeorological observations from January 1, 2014, to December 31, 

2017, for our analysis. Microclimatic data were first screened against the manufacturer 

stated range of each instrument, and measurements outside that range were excluded 

from further analysis. Measurements of shortwave radiation, air temperature, and relative 

humidity were consistently within the range of the associated instrumentation; however, 

numerous wind speed measurements were below the anemometer range. A total of 68% 

of wind speed measurements collected at the Control station were below manufacturer 

stated range, while 18% and 29% of wind speed observations in the Group Select and 

Diversity Thin treatments were below manufacturer range (0.5 – 89 m/s), respectively. 

The upper and lower thresholds of the anemometer range indicate the bounds in which 

measured wind speed values are reliable, as verified by wind-tunnel tests. Wind speeds 

above this range exceed the capacity of the instrument to record reliable measurements. 

In contrast, wind speeds below this range do not meet the minimum force needed to 

overcome bearing frictional forces and are thus unreliable. This was the primary factor 

which contributed to the high number of wind speed measurements below the 

manufacturer stated range in the Control. 

 

To quantify the effects of thinning treatments, measurements from the Group Select and 

Diversity Thin stations were standardized against observations at the Control monitoring 
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station. To calculate standardized values, mean monthly values of each microclimatic 

variable were computed for each station. Then, the mean monthly values from the 

treatment stations (x) were divided by the mean monthly value of the microclimatic 

variable measured at the Control station (xc), as shown by equation 1. Each microclimatic 

variable measured at the Group Select and Diversity Thin treatment stations was 

standardized against xc as follows: 

𝑥% =
𝑥

𝑥𝑐 
× 100%        (1) 

or 

𝛥𝑥% =
𝑥−𝑥𝑐

𝑥𝑐 
× 100%        (2) 

where x% is the standardized value (%), and Δx% is the relative percentage value. The 

standardized values were used to evaluate the impacts of Group Select and Diversity Thin 

treatments on each microclimatic variable. Absolute differences in air temperature 

between the treatments and the Control were employed for clarity. Additionally, diurnal 

fluctuations of air temperature and vapor pressure deficit were computed from daily 

maximums and minimums to evaluate the effects of the treatments on daily extremes of 

these variables. 

 

To normalize differences in daily light hours throughout each year, shortwave radiation 

measurements from 6 am to 6 pm were selected for analysis. Daily cumulative shortwave 

radiation was calculated by computing the cumulative shortwave radiation over each 15-

minute interval (J s-1m-2 * 900s/15-min = J 15-min-1 m-2), then summing the 15-minute 

periods to give cumulative shortwave radiation in J day-1m-2. Daily cumulative shortwave 
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radiation was later converted to MJ day-1 m-1 and averaged monthly. Wind speed 

measurements were not limited to daytime observations because mean nighttime and 

mean daytime wind speeds were equivalent. Wind speeds were converted from mph to m 

s-1, then averaged monthly. Air temperature and relative humidity measurements were not 

limited to daylight hours to allow for analysis of diurnal fluctuations. 

 

Vapor pressure deficit (VPD) is a driving force for evapotranspiration and can be 

calculated from measurements of air temperature and relative humidity (Dingman, 2015).  

Saturated vapor pressure (es) is computed using air temperature (T) in Celsius (Equation 

3). Then, VPD is calculated by differencing the actual vapor pressure of air (ea), as 

computed from relative humidity (RH), from es (Equation 4).  

𝑒𝑠 = 611 ∗ exp [
17.65∗𝑇

237.3+𝑇
]       (3) 

𝑉𝑃𝐷 = 𝑒𝑠 −  𝑒𝑎 =  𝑒𝑠𝑎𝑡 ∗ (1 −
𝑅𝐻

100
)      (4) 

 

2.3 RESULTS 

2.3.1 Air Temperature 

Mean monthly air temperatures and the absolute differences between treatments are 

shown in Figure 2.2a-b. The mean monthly air temperatures in the Group Select were 

higher than those in the Control from October to January and from March to June. Mean 

monthly air temperatures in the Diversity Thin were lower than the Control in all months 

except for November and January. Surprisingly, the Control exhibited higher mean daily 

temperatures than the thinning treatments in July, August, and September. Figure 2.3a-c 
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shows mean monthly daytime maximum, nighttime minimum temperatures, and diurnal 

temperature ranges, and reveals that nighttime minimum temperatures in the Control 

were warmer than the treatments in all months except for November. The most marked 

differences in nighttime minimums were from June to September, where the Control was 

1.2 to 2.2 °C warmer than the Group Select and the Diversity Thin. Daytime maximum 

temperatures were the warmest in the Group Select, except for August, where the Control 

had warmer daytime maximum temperatures than both treatments. The Diversity Thin 

had higher daytime maximum temperatures from October through February, yet cooler 

daytime maximum temperatures from March through September. The Group Select 

demonstrated increased diurnal temperature fluctuations by 0.3 to 2.7 °C over the Control 

except in November, where the Group Select had mean diurnal temperature fluctuations 

that were 0.5 °C less than the Control. Similarly, the Diversity Thin treatment increased 

diurnal temperature fluctuations by 0.1 to 1.8 °C over the Control, except for a 0.4 °C 

reduction relative to the Control in November. 
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Figure 2.2 

a) Mean monthly air temperature at 2 m above the forest floor and b) Absolute difference in mean 

monthly temperatures between the treatments and the Control.  
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Figure 2.3 

a) Mean monthly nighttime minimum temperatures, b) Mean monthly daytime maximum 

temperatures, and c) Mean monthly diurnal temperature fluctuations in each treatment. 
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2.3.2 Shortwave Radiation Flux 

Monthly averages of daily shortwave radiation flux and standardized monthly mean 

values are shown in Figure 2.4a-b. Standardized values of shortwave radiation at the 

Group Select station ranged from 177% to 500%, with a mean of 277%. Standardized 

values of shortwave radiation at the Diversity Thinning station ranged from 57% to 

237%, with a mean of 112%. Results indicate that the Group Select treatment increased 

incoming shortwave radiation by a factor of 2 to 5 relative to the Control, with the 

greatest differences occurring in the winter months. Surprisingly, the Diversity Thin 

treatment showed equal or lower levels of shortwave radiation relative to the Control. 

The monitoring station in the Control was located beneath a small opening in the canopy 

(~3 m), allowing for direct sunlight to reach the pyranometer when sun angles are high, 

causing measurements of shortwave radiation values that are likely greater than the 

surrounding dense forest.  
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Figure 2.4 

a) Monthly averages of daily shortwave radiation flux; and b) Standardized monthly average of daily 

cumulative shortwave radiation (Equation 2). 
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2.3.3 Wind Speed 

Monthly mean wind speeds and standardized monthly mean values are shown in Figure 

2.5a-b. Standardized values of wind speeds at the Group Select station ranged from 185% 

to 248%, with a mean of 215%. Standardized values of wind speeds at the Diversity Thin 

station ranged from 187% to 213%, with a mean of 202%. Results show that the Group 

Select and Diversity Thin treatments roughly doubled mean wind speeds throughout the 

year. The similarity in the wind speeds between the Diversity Thin and Group Select 

treatments may be influenced by a) the absence of understory and a tall height (14 m) to 

the base of the canopy in the Diversity Thin treatment (USFS, 2014), b) a small fetch 

within the Group Select area (~0.8 ha), and c) the Diversity Thin monitoring station being 

located ~150 meters from the Group Select monitoring station (Figure 2.1). By contrast, 

far lower wind speeds were recorded in the Control, resulting from high stem and foliage 

density in the Control, as revealed through vegetation plot survey results (USFS, 2014). 
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Figure 2.5 

a) Monthly mean wind speeds recorded in each treatment. b) Standardized monthly average wind 

speed (Equation 2). 
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2.3.4 Vapor Pressure Deficit 

Mean monthly VPD and standardized values are shown in Figure 2.6a-b. Standardized 

values in the Group Select ranged from 115% to 70%, with a mean value of 100%. 

Standardized values in the Diversity Thin ranged from 97% to 55%, with a mean value of 

84%. As expected, VPD exhibited a strong seasonality, with higher VPD from June 

through September and lower VPD from October through May.  

 

Daily minimum VPD, daily maximum VPD, and diurnal fluctuations in VPD were 

greater from June through September than from October through May (Figure 2.7a-c). 

Nighttime minimum VPD was lower in both treatments as compared to the Control 

during all months, again with the most substantial differences from June through 

September (Figure 2.7a). The Group Select increased March through October daily 

maximum VPD by 0.08 kPa to 0.23 kPa and increased diurnal range of VPD by 0.15 kPa 

to 0.34 kPa (Figure 2.7b-c). The Diversity Thin decreased March through October daily 

maximum VPD by 0.01 kPa to 0.23 kPa but increased the mean diurnal VPD range by up 

to 0.12 kPa (Figure 2.7b-c). Differences in VPD did not arise from differences in actual 

vapor pressures, as they were equal between the treatments (Figure 2.8). Uniform actual 

vapor pressures at the Ashpan study site indicate that the near-surface atmosphere is well 

mixed. 
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Figure 2.6 

a) Mean monthly vapor pressure deficit computed from temperature and relative humidity 

measurements recorded in each treatment and b) Standardized monthly average vapor pressure 

deficit in each treatment (Equation 2). 
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Figure 2.7 

a) Mean monthly nighttime minimum Vapor Pressure Deficit (VPD) b) Mean monthly daytime 

maximum VPD and c) Mean monthly diurnal VPD fluctuations in each treatment. 
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Figure 2.8 

Box plots showing the distribution of actual vapor pressures in each treatment over the study period.  

 

2.4 DISCUSSION 

2.4.1 Air temperature 

Sub-canopy air temperature is essential for many ecological and physiological processes 

in both plant and animal communities (Chen et al., 1999). Results indicate that the 

thinning treatments studied here had different impacts on air temperature, which varied 

seasonally. The Group Select treatment increased spring and fall daily mean air 

temperatures, yet reduced summer daily air temperatures (Figure 2.2a). Overall, the 

Diversity Thin treatment lowered daily mean air temperatures (Figure 2.2a). The Group 

Select increased diurnal temperature fluctuations in all months except November (Figure 

2.3c) because of greater extremes of daily minimum and maximum temperatures (Figures 

2.3a and 2.3b). Daily maximum temperatures in the Group Select and the Control were 
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similar from July through September, but nighttime lows were 1.4°C - 2.2 °C warmer in 

the Control over this time, and explain the higher mean temperatures during these months 

observed in Figure 2.2a. The Diversity Thin increased the diurnal range of air 

temperature from June through October (Figure 2.3c) but had lower maximum 

temperatures from April through September (Figure2.3b). 

 

Differences in air temperature between the treatments result from energy buffering and 

heat storage effects of the forest canopy. In the Group Select, the removal of forest 

canopy increased shortwave radiation incident at the forest floor, leading to increased 

maximum daily temperatures. The removal of forest canopy in the Group Select also 

removed the insulating effects of the forest canopy, leading to increased nighttime heat 

losses to the atmosphere and lower daily minimum temperatures. Together, these changes 

to the land surface energy budget result in the largest diurnal temperature range among 

our three treatments. In the Control, the forest canopy remained unaltered, meaning the 

magnitude of shortwave radiation intercepted by the canopy and the longwave energy 

emitted by the canopy at night was unaltered. The buffering effects of the canopy, to 

intercept shortwave radiation by day and release that energy as longwave radiation by 

night, results in lower daily maximum temperatures, higher nighttime minimum 

temperatures, and the smallest diurnal temperature ranges among our treatments. The 

Diversity Thin reduced the forest canopy compared to the Control but did not remove it 

altogether as in the Group Select. Thus, the Diversity Thin treatment leads to 

intermediate changes to the heat buffering and storage capacity of the canopy, resulting in 

diurnal temperature ranges intermediate to the Group Select and Control.  
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2.4.2 Shortwave Radiation Flux 

Our results indicate distinct differences in shortwave radiation flux incident at the forest 

floor between the Group Select, Diversity Thin, and the Control. The Group Select 

treatment increased shortwave radiation flux by a factor of 2 to 5 relative to the Control, 

leading to higher daily maximum temperatures. The Diversity Thin treatment increased 

the shortwave radiation flux by up to a factor of 2 in winter months when sun angles are 

low. As Gaffney (2016) suggested, shortwave radiation measurements at the Control 

station are likely over-estimates of the actual shortwave radiation flux in the dense forest 

surrounding the monitoring station, due to the Control monitoring station being in a small 

break in the canopy (~3 m). Vegetation surveys completed in 2014 found that canopy 

cover in Diversity Thin and Control was ~37% and ~75%, respectively. It is well known 

that the density of the immediate overhead canopy is the strongest determinant of 

shortwave radiation flux to the understory (Davies-Colley et al., 2000; Matlack, 1993) 

and increasing canopy coverage reduces the amount of shortwave radiation incident on 

the forest floor (Essery et al., 2008; Musselman et al., 2015). Because canopy cover was 

roughly twice as much in the Control as in the Diversity Thin, the postulation that 

shortwave radiation measurements in the Control are overestimated is likely valid.  

 

In terms of seasonal variability of the impacts to shortwave radiation flux, results reveal 

the Group Select treatment increased shortwave radiation flux to the greatest degree 

during fall and early winter months (October-December), and increased shortwave 

radiation the least during early spring months (March-April). Similarly, the Diversity 

Thin treatment showed a larger increase in shortwave radiation during late fall and early 
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winter months (November – January). The Control station likely receives direct sunlight 

during spring and summer months (March-September) when sun angles are high, which 

would explain the apparent reduction of shortwave radiation inputs in the Diversity Thin 

treatment as compared to the Control during these months. Increased shortwave radiation 

inputs in thinning treatments in fall and early winter months may cause higher net energy 

levels in the understory, potentially prolonging understory water stress later in the year.  

 

2.4.3 Wind Speed 

The removal of the forest canopy reduced frictional losses (i.e. removal of roughness 

elements). As a result, our results demonstrate that wind speeds in both the Group Select 

and Diversity Thin treatments were higher than the Control by a factor of 2 relative to the 

Control. While it was expected that both treatments would increase wind speeds 

throughout the year, the similarity in wind speeds between the Group Select and 

Diversity Thin treatments was surprising. The Diversity Thin treatment was hypothesized 

to exhibit wind speeds that were intermediate between the Group Select and Control 

based on the results of vegetation data collected in 2014 using the USDA Forest Service 

common stand exam protocol (USDA Forest Service, 2007), which revealed higher tree 

density in the Diversity Thin compared to the Group Select (144 ±24 and 0 ±0, 

respectively). The similarity in the wind speeds between the Diversity Thin and Group 

Select treatments may be influenced by a) the absence of understory and open nature of 

lower portions of the canopy in the Diversity Thin treatment (~2% ±0.6 understory cover, 

~14 m ±2.2 height to live crown), b) a small fetch within the Group Select area (~0.8 ha) 

and c) the Diversity Thin monitoring station being located ~150 meters from the Group 
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Select monitoring station. By contrast, far lower wind speeds were observed in the 

Control, where approximately 68% of all measurements were below 0.5 m/s, and were 

the result of high stem and foliage density in the Control (~1100 trees acre-1 ±136, USFS 

2014). 

 

2.4.4 Vapor Pressure Deficit 

Analysis of VPD dynamics shows that the Group Select and Diversity Thin treatments 

increased daily variability of vapor pressure gradients in the understory. The Group 

Select treatment was expected to exhibit the greatest diurnal extremes in VPD relative to 

the Diversity Thin and Control forest, and the Diversity Thin was expected to exhibit 

diurnal variations intermediate to the Group Select and Control forest, based on prior 

microclimate studies in the Sierra Nevada (Ma et al., 2010; Rambo & North, 2009). Our 

results illustrate that the Group Select increased daily maximum VPD, reduced daily 

minimum VPD, and thus increased diurnal variation in vapor pressure gradients. The 

greater daily maximum VPD may lead to greater soil evaporation and understory water 

stress in the Group Select treatment during spring and summer months. Results from the 

Diversity Thin treatment reveal that diurnal VPD variation was intermediate to the Group 

Select and Control forest only in fall months. While the Diversity Thin reduced daily 

minimum VPD, daily maximum VPD in the Diversity Thin was equal to the Control in 

winter and spring months and lower in summer months, contrary to our expectations. The 

lower VPD in the Diversity Thin suggests soil evaporation and understory water stress 

may be reduced relative to the Control during summer months.  

 



31 

 

The results show that daily mean VPD in the Group Select was higher than in the Control 

in spring and summer months when mean air temperatures are highest. However, daily 

mean VPD in the Group Select was lower than the Control in winter months. Greater 

mean daily VPD in the Control during the winter is due to higher daily minimum VPD, 

driven by warmer daily minimum temperature. The mean daily VPD in the Diversity 

Thin was expected to be intermediate to those of the Group Select and Control based on a 

study by Rambo and North (2009), which found that mean daily VPD in understory 

thinning treatments were frequently intermediate between an overstory thin and 

unthinned control. However, mean daily VPD at the Diversity Thin station was lower 

than both the Group Select and Control in all months, resulting from reduced nighttime 

minimum VPD and lower daytime maximum VPD. Reduced mean daily VPD in both 

thinning treatments during winter months may result in reduced understory transpiration 

relative to dense forests, as suggested by Gaffney (2016). 

 

Impacts to VPD dynamics induced by the vegetation management treatments influence 

the magnitude and timing of water stress in the understory. Higher daytime VPD in the 

Group Select leads to more water stress on saplings and understory vegetation compared 

to the Diversity Thin and Control. However, when water is the limiting factor, saplings 

and understory vegetation in all treatments are water stressed. Higher nighttime VPD in 

the Control compared to the Diversity Thin and Group Select implies greater nighttime 

understory ET in unthinned forests. With nighttime minimum temperatures projected to 

increase faster than daily maximum temperatures (Collins et al., 2007), our results 
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suggest increases in nighttime temperatures, and hence VPD and ET will be exacerbated 

under unthinned stands relative to thinned stands. 

 

2.5 CONCLUSION 

The results presented here show that forest thinning treatments alter sub-canopy 

microclimates, in agreement with previous studies (Heithecker & Halpern, 2006; Liechty 

et al., 1992; Ma et al., 2010; Rambo & North, 2009; Tang et al., 2005). The Group Select 

treatment substantially increased shortwave radiation flux and wind speeds and expanded 

the diurnal range of air temperature and VPD relative to the Control. The Diversity Thin 

treatment expanded the diurnal ranges of air temperature and VPD, increased wind 

speeds, and increased shortwave radiation flux when sun angles are low, compared to the 

Control. The most substantial impacts to understory microclimate induced by the 

treatments examined here are the changes to shortwave radiation incident at the forest 

floor, followed by changes to wind speeds and diurnal temperature fluctuations. 

 

Our results suggest that when implemented adjacent to unthinned forests, Group Select 

and Diversity Thin treatments increase spatial variability of understory microclimate, 

which is beneficial to many ecological processes and functions in mixed-conifer forests 

of the Sierra Nevada (Ma et al., 2010). The changes to shortwave and longwave radiation 

within the treatments result in differences in diurnal air temperature and vapor pressure 

deficit dynamics. Thus, when these treatments are applied nearby one another, they 

increase the range of air temperature and vapor pressure deficit in the local area. The 
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impacts to sub-canopy microclimatic conditions found here may be useful for forest 

managers in predicting the effectiveness these treatments in reducing the risk of high-

intensity wildfire, restoring historic species compositions, and managing forests for 

species diversity, nutrient cycling, and other ecosystem services (Ma et al., 2010). 

Specifically, forest managers may use our air temperature, wind, and vapor pressure 

deficit results to better parameterize surface fuel moisture models and forest regeneration 

models. 

 

Although monthly means are presented here, we recognize that the temporal scale of our 

analyses could influence our results, mainly the range and standard deviation of variables 

analyzed herein. Monthly mean values of microclimatic variables were selected to assess 

seasonal patterns, which are meaningful for hydrologic and ecological processes. The 

variability microclimate would likely become greater if the data were analyzed on a finer 

temporal scale (e.g., hourly or daily scales). Additionally, inter-annual variability of 

microclimate was not evaluated herein but may reveal differences in microclimatic 

conditions between warmer and cooler or wetter and dryer years. 
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Chapter 2: Impacts of Forest Thinning on Radial Growth 

of Ponderosa Pine and Characterizing the Growth-

Hydroclimate Relationship 

3.1 INTRODUCTION 

Reestablishing healthy forest conditions that are resistant to insects, disease, and climate 

change is a critical management priority in many forests of the western US, including 

Lassen National Forest (USDA Forest Service, 2011). Mechanical thinning prescriptions, 

including Group Select and Diversity Thin treatments, have been administered to meet 

long term management objectives in Lassen National Forest. However, all trees larger 

than 76 cm diameter are exempt from harvest, and the response of these large trees to 

thinning treatments remains a high priority monitoring question to inform project designs 

and improve outcomes (USDA Forest Service, 2011).  

 

Restoration treatments in fire-dependent forests typically include thinning treatments to 

reduce stand density and reduce populations of shade-tolerant species that have 

established due to fire suppression (Fulé et al., 2012; Kolb et al., 2007). Thinning 

treatments can increase resource availability through a reduction of competition, which 

can lead to a growth release observed as an increase in radial growth at breast height 

(Latham & Tappeiner, 2002). Observed growth releases have been ascribed to increased 

water and nutrient availability, which promotes a higher net photosynthetic rate and 

stomatal conductance (Kolb et al., 2007; McDowell et al., 2003). However, the response 

of residual trees to thinning treatments can vary by the magnitude of density reduction 

(Vernon et al., 2018), species (Latham & Tappeiner, 2002; Vernon et al., 2018), and time 
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since thinning. For instance, Latham and Tappeiner (2002) observed radial growth 

releases in Douglas-fir, ponderosa pine, and sugar pine in 5 to 25 years following 

treatment. Conversely, other studies have reported radial growth releases in ponderosa 

pine within 1-4 years of treatment in California (Hood et al., 2018; Vernon et al., 2018), 

Arizona (Erickson & Waring, 2014; Kolb et al., 2007), and Oregon (McDowell et al., 

2003). Additionally, forest density reduction treatments have been shown to enhance tree 

growth and improve drought resistance to short-term droughts (1-2) years (Kerhoulas et 

al., 2013; Thomas & Waring, 2015). 

 

Lassen National Forest implemented Group Select and Diversity Thin vegetation 

managment treatments as part of the Panner Timber Sale, which was then included in the 

Burney-Hat Creek Basins CFLRP, but the response of large pines to these treatments is 

not yet fully characterized within the project area. In this chapter, we incorporate the 

primary subfields of dendrochronology, dendroecology and dendroclimatology, to 

characterize short-term and long-term patterns of tree growth at the Ashpan study site. 

We investigate the growth response of mature ponderosa pine to Group Select and 

Diversity Thin treatments through comparison of basal area increment rates before and 

after treatment implementation (dendroecological methods) to evaluate the response of 

large ponderosa pine to the treatments, and we evaluate the long-term relationship 

between ponderosa pine growth and local temperature, precipitation, and streamflow 

(dendroclimatological methods) to provide insight into the potential effects of climate 

change.  

 



40 

 

3.1.1 Basal Area Increment 

Radial tree growth is a primary indicator of tree health and forest productivity 

(Dobbertin, 2005) and drought resistance (Lloret et al., 2011). Though a variety of 

measures of radial tree growth have been proposed over decades of forest ecology 

research, ring area, or annual basal area increment (LeBlanc, 1990), is well suited to 

represent individual and stand-level changes in tree growth. Ring area accurately 

quantifies the amount of annual wood production (Rubino & McCarthy, 2000) and is a 

more robust descriptor of growth trends than tree ring widths only (Biondi & Qeadan, 

2008). The computation of basal area increment (BAI) assumes that a circle can 

approximate ring circumference. This assumption is imperfect; however, two-

dimensional measures, such as BAI, represent overall tree growth (i.e., a three-

dimensional measure) better than one-dimensional measures such as stem diameter 

increment or ring width alone (Kershaw et al., 2016; LeBlanc, 1990).  

 

BAI is often used in dendroecological investigations regarding growth responses to 

changes in competition dynamics (i.e., forest thinning treatments, forest die-off), water 

availability (i.e., droughts), and the growth response to changes in both competition and 

water availability. D’Amato et al. (2013) used an annual summation of plot-level BAI as 

a unit of analysis for examining resistance and resilience of growth to past drought and 

growth-climate relationships and found that thinning generally enhanced drought 

resistance and resilience. Similarly, Guillemot et al. (2015) used BAI to evaluate the 

effect of thinning intensity on the climate-growth relationship of different size atlas cedar 

(Cedrus atlantica). They found that heavily thinned plots and large overstory trees had 
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significantly higher relative growth sensitivities to annual climate. Hood et al. (2018) 

employed BAI to evaluate the impacts of stand-level and radial thinning prescriptions on 

growth in large ponderosa (Pinus ponderosa) and Jeffery pines (Pinus jeffreyi) and found 

that only stand-level thinning (e.g., Group Select) resulted in a post-harvest growth 

release. Vernon et al. (2018) utilized BAI to determine the impact of fuels reduction 

thinning and prescribed burning treatments on tree growth responses to multi-year 

drought in northern California and revealed that thinning improved drought resistance, 

but tree size, competition, and species influenced this response.  

 

3.1.2 Tree Growth and Hydroclimate 

Tree growth records are widely used for dendroclimatological applications. Annual tree 

rings can exhibit significant correlations to hydroclimatic conditions and have been 

extensively used to reconstruct centuries of hydroclimatic conditions at sites all over the 

world. 

 

Statistical relationships between tree-ring records and past climate variability enable them 

to be used as proxy indicators of climatic conditions before instrumental records are 

available. Tree rings have successfully been used to reconstruct hydroclimatic variables 

such as precipitation (Salzer & Kipfmueller, 2005; Touchan et al., 2008), temperature 

(Briffa et al., 2004; Graumlich & Brubaker, 1986), streamflow (Anderson et al., 2019; 

Barnett et al., 2010; Cook & Jacoby, 1983; Watson et al., 2009) and even snowpack 

(Woodhouse et al., 2003). However, they can also be used to infer future impacts of 

climate change (Williams et al., 2010) and the effectiveness of forest management 
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practices in mitigating those effects. For example, Sánchez-Salguero et al. (2015) found 

that competition is a more important driver of recent growth than climate and that growth 

responsiveness to climate is augmented under low competition levels. Similarly, 

Guillemot et al. (2015) found that intensely thinned stands had significantly higher 

relative growth sensitivities to annual climate compared to unthinned stands. Although 

Guillemot et al. (2015) and Sánchez-Salguero et al. (2015) investigated the effects of 

forest thinning on the growth-climate relationship, heterogeneity in spatiotemporal 

climatological conditions and species physiologies necessitates a site-specific analysis to 

understand the effects of forest thinning on the growth-climate relationship at any one 

location. 

 

3.1.3 Research Objective 

The objective of this work is to evaluate the growth effects of two forest density 

reduction treatments in comparison to an adjacent untreated area in large (>64 cm 

diameter at breast height) ponderosa pine. Specifically, this study aims to answer the 

following questions: To what extent do Group Select and Diversity Thin treatments 

impact radial tree growth in large ponderosa pine? Additionally, what are the historical 

relations of annual radial growth in ponderosa pine to temperature, precipitation, and 

streamflow in the North 49 project area? We predict that both treatments will increase 

radial tree growth, with the Group Select treatment resulting in a more substantial 

increase in tree growth than Diversity Thin treatment. We expect that ponderosa pine will 

exhibit a positive correlation to winter precipitation, autumn streamflow and a negative 

correlation to summer temperature. We expect a positive correlation to autumn 
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streamflow in Hat Creek as discharge at this time of year is primarily baseflow from Big 

Spring and other groundwater sources.  

 

3.2 METHODS 

3.2.1 Study Area and Treatment Descriptions 

The Ashpan monitoring site encompasses approximately 1 km2 in the Hat Creek 

catchment, Lassen National Forest (40.60 °N, 121.55 °W, figure 3.1). Mean elevation is 

1650 m (±10 m), and slopes are <20° with a southern aspect. Average annual 

precipitation at a nearby (~ 7 km to the SW) long-term weather station is approximately 

1053 mm year-1, with 718 mm of precipitation (~68%) occurring between November and 

March (WRCC, 2020). Mean monthly air temperatures range from -0.78 °C in January to 

16.78 °C in July (WRCC,2020). Soils are of volcanic origin, primarily derived from 

highly fractured andesite (Clynne & Muffler, 2010), with textures ranging from silty 

loam to sandy loam (Gaffney, 2016). 

 

The Hat Creek catchment is in the southernmost Cascade Range and is bounded on the 

west by the Sacramento Valley, on the south by the Sierra Nevada, and to the east by the 

Basin and Range geologic provinces (Clynne & Muffler, 2010). Because of its 

transitional geologic setting, and bedrock of Pleistocene and recent andesite, basaltic 

andesite, and basalt flows, the Hat Creek catchment exhibits unique hydrogeologic 

characteristics. The volcanic units underlying the Hat Creek catchment are highly 

permeable, resulting in an extensive groundwater system with several voluminous cold-
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water springs that discharge large volumes of water (Rose et al., 1996), even in summer 

and autumn months where little to no precipitation occurs. Baseflow discharge in 

groundwater-dominated systems, such as the Hat Creek catchment, can exhibit high 

sensitivity to annual precipitation inputs (Jefferson et al., 2008).  

 

The thinning treatments at the Ashpan monitoring site were planned within the North 49 

Environmental Impact Statement, later included in the Burney-Hat Creek Basins CFLRP, 

and implemented as part of the Panner Timber Sale (Panner Unit 321) in 2011,. Tree 

species within the Panner Timber Sale Area are primarily white fir (Abies concolor), 

ponderosa pine (Pinus ponderosa), sugar pine (Pinus lambertiana), and incense-cedar 

(Calocedrus decurrens). The site underwent two thinning treatments, Group Select and 

Diversity Thin, in 2011. Group Select treatments are intended to create uneven-aged 

stands, improve future fire-resiliency, and forest health by reducing the overabundance of 

white fir and allowing the regrowth of pine species (USDA Forest Service, 2008). Group 

Select treatment consists of removing all trees in a <0.8 ha area and retaining two to four 

large (>76 cm DBH) within that area. (USDA Forest Service, 2008). Diversity Thin, 

consists of structural thinning of all size classes less than 76 cm DBH, thinning of all or 

most adjacent trees less than 76 cm DBH within a radius of 9.15 m of dominant overstory 

trees (>76 cm DBH) , and irregular shaped retention islands accounting for roughly 15% 

of the treatment area. The Diversity Thin treatment reduced canopy cover by 50-60% on 

average and was designed to promote structural diversity and increase the number of 

ponderosa, Jeffery, and sugar pines with diameters at breast height (DBH) greater than 60 

cm (USDA Forest Service, 2008) Diversity Thin treatments are intended to promote 
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structural diversity that provides a variety of habitat elements, and to protect and promote 

the growth and development of large overstory trees (USDA Forest Service, 2008). One 

adjacent, untreated, unmodified stand was retained as a Home Range Core Area (HRCA) 

for California spotted owl (Strix occidentalis) and was selected as the Control. Before 

treatment implementation in 2011, there were an estimated 400 trees per acre in the North 

49 Project area (USDA Forest Service, 2008). The treatments and Control stand are 

within 0.5 km of each other on a southern aspect with a relatively uniform slope (~22%).  

 

Figure 3.1 

Overview of the Ashpan study area in Lassen National Forest (black star in the inset map of 

northern California). The locations of focal trees sampled for this study are marked in orange. 
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3.2.2 Data Collection 

In September 2019, 24 ponderosa pine with DBH  > 64 cm were sampled from within 

two treatments and the unthinned stand (Group Select: n=6; Diversity Thin: n=6; Control: 

n=12; Figure 3.1). Tree were selected based on proximity to soil monitoring stations, dbh, 

and tree health. We collected two opposing cores from each focal tree at 1.3 m above the 

ground surface. Cores were extracted using 5 mm (n=30) and a 12 mm (n=18) increment 

borers. Local site characteristics, including local neighborhood basal area and DBH, were 

recorded for each focal tree. Local neighborhood basal area was measured using a 9.1 m 

fixed-radius plot centered around each focal tree. We measured the distance from each 

focal tree and the DBH for all trees greater than 1.3 m tall inside the 9.1 m plot. 

 

Tree cores were mounted and sanded until the cellular structure was visible through a 

binocular microscope, then scanned using an Epson platform scanner at 2400 dpi. We 

assigned calendar years to each tree ring (i.e., crossdated), and ring widths were 

measured to the nearest 0.001 mm using CooRecorder v7.8 (Cybis Elektronik & Data 

AB, Saltsjöbaden, Sweden). All cores were crossdated by assigning calendar years to 

each ring and matching growth patterns visually using the list method (Yamaguchi et al., 

1991) and then crossdating was quality controlled using the corr.rwl.seg() function of the 

dplR package in R v. 3.5.1 (Bunn, 2008). The common interval for the tree cores was 

from 1891 to 2019. The master series intercorrelation, or the mean correlation of 

individual series to the aggregate of all other series, was 0.52. The master series was 

detrended using a two-thirds cubic smoothing spline, which standardizes tree growth 

using a rolling mean with an interval length equal to two-thirds the length of the common 
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interval (84 yeas) via the detrend() function in the dplR package. We used the chron() 

function in the dplR package to create the mean value chronology of ring width indices 

(i.e., standardized site chronology) from the detrended ring widths. Ring width 

measurements and tree diameter inside bark were used to calculate BAI chronologies for 

each tree, then individual BAI chronologies were averaged for each stand (Group Select, 

Diversity Thin, Control) using the bai.out() function in dplR, which computes annual 

BAI from the outside inward. Tree age could only be determined for four trees where 

cores reached pith. For the remainder of the trees, the oldest dated ring was used as a 

conservative estimate of tree age. The growth ratio of each tree was calculated by 

dividing post-treatment 9-year mean annual BAI by pre-treatment 9-year mean annual 

BAI. Trees with a growth ratio greater than 1 showed increased growth following 

treatment, and less than 1 showed reduced growth. 

 

Records of temperature, precipitation, and streamflow were sourced from existing 

datasets. Mean monthly temperature and precipitation records were obtained from 

interpolated 4km resolution gridded PRISM data (PRISM Climate Group, 2004). Mean 

monthly streamflow data for Hat Creek, near Old Station, ~14 km to the northeast of the 

study site, were obtained from the USGS National Water Information System (US 

Geological Survey, 2016).  

 

3.2.3 Data Analysis 

We correlated the standardized site chronology to temperature, precipitation, and 

streamflow for the period of concurrent records by water year. Correlations were 
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completed via the seascorr() function of the treeclim package in R (Zang & Biondi, 

2015), which computes partial correlations for a primary and secondary variable for 

different season lengths. The seascorr() function in the treeclim package is based on the 

seascorr() Matlab function described in detail by Meko et al. (2011), In the seascorr() 

function, the correlation of the primary variable with tree growth is computed as the 

simple Pearson correlation, while the effect of the secondary variable is computed with 

the influence of the primary variable removed (partial Pearson correlation). The 

seascorr() function requires the month of the current year that tree growth is assumed to 

finish, which we assumed was September. The output of the seascorr() consists of 14 

seasons, where the end of the first season is last month which tree growth is assumed to 

finish. For example, assuming a starting month of September and a season length of 3 

months, the first season comprises current July to current September, the second season 

comprises current June to current August, and the last season comprises the previous June 

to previous August. The significance of each (partial) correlation is calculated using exact 

bootstrapping by circulant embedding of the tree-ring chronology data (Zang & Biondi, 

2015). All tree growth correlations to climate were executed for the period of concurrent 

records, from 1928 to 1992. 

 

We used a two-tailed T-test to compare post-treatment BAI against pre-treatment BAI, 

tree age, and neighborhood basal area. Different sample pool sizes between the Control 

and thinning treatments (n=24 and n=12, respectively) prevented T-tests between 

treatments from being performed without selection bias. Standard errors were calculated 

as the standard deviation divided by the square root of the sample size.  
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3.3 RESULTS 

3.3.1 Impacts of Thinning on Basal Area Increment 

Pre-treatment growth rates were similar between the treatment areas and the Control 

(Table 3.1). The Diversity Thin and Control had pre-treatment growth rates that were 

within the standard error of each other, while the Group Selection treatment had the 

lower mean BAI that was outside the standard error of the Control and Diversity Thin 

(Table 3.1). Tree age varied slightly between study plots, while DBH varied appreciably 

(Table 3.1). Post-treatment neighborhood basal area was the lowest in the Group Select 

treatment, followed by Diversity Thin, and highest in the Control stand (Table 3.1). 

Neighborhood basal area in the Group Select consisted primarily of ponderosa pine 

saplings (< 6.5 cm DBH) planted in 2014. Focal trees in the Group Select in competition 

with larger trees were generally competing with one to three trees. Two trees in the 

Group Select were within approximately 8.5 m apart, thus raising the neighborhood basal 

area substantially for these two focal trees, and the mean value for the Group Select 

treatment. Trees in the Diversity Thin typically had two to six competitor trees, spare 

one, which had zero competitor trees within the measured competition radius.  

 

The mean BAI of trees in each treatment for the common interval of the standardized 

chronology (1891-2019) is shown in Figure 3.2. Mean annual BAI in the Group Select 

from 2014 to 2019 was well above the annual BAI for any treatment in the common 

interval (Figure 3.2). Mean annual BAI in the Diversity Thin was higher than the pre-

treatment maximum BAI (in 1907) in 2015 and 2017. The Diversity Thin and Group 
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Select trees had higher annual growth than the Control trees from 1890 to the late 1940s 

when annual growth in the Control trees became higher until around the time of the 

thinning treatments in 2011. The Control stand underwent thinning sometime in the 

1940s (Wheelock, S., Personal communication, July 10th, 2020), which may explain why 

the control trees had higher growth than the trees in the Group Select and Diversity Thin 

treatments from the 1950s to around the time of the treatments in 2011 (Figure 3.2). 

 

Table 3.1 Mean (±SE) values of tree characteristics and post-treatment competition (i.e., 

neighborhood basal area) by treatment. * denotes a significant difference between pre- and post-

treatment BAI (=0.1). 

 Group 
Select 

Diversity 
Thin 

Control 

Number of trees 6 6 12 

Pre-Treatment BAI 
(mm2/year) 

2163 (97)* 2698 (107)* 2556 (72) 

Post-Treatment 
BAI (mm2/year) 

5752 (416)* 4569 (273)* 3041 (81) 

DBH (cm) 92 (5) 103 (5) 83 (4) 

Tree age (years) 204 (25) 207 (19) 188 (14) 

Post Treatment 
neighborhood 

basal area (m2) 
0.26 (0.14) 0.74 (0.25) 1.53 (0.13) 
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Figure 3.2 

Mean basal area increment (BAI) by treatment for the common interval of the standardized site 

chronology (1891-2019). The year of the thinning treatments (2011) is depicted with the dashed line.    

 

The Group Select and Diversity Thin treatments impacted mean radial BAI, and the 

initial response occurred 2 to 3 years after treatment (Figure 3.3). Group Select had a 

more substantial impact on mean BAI than did the Diversity Thin treatment, although the 

initial response occurred one year later (Figure 3.3). Trees with higher growth rates 

before treatment had an enhanced response to the treatments (Figure 3.4a). Trees with 

less competition after treatment, as measured by the post-treatment neighborhood basal 
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area, also had increased radial growth (Figure 3.4c). The linear regression line of trees in 

the Control seems to indicate a trend of increasing growth with increasing neighborhood 

basal area; however, the regression line was statistically insignificant (p=.37).  

 

Growth ratios varied between treatments but were higher than 1 in all treatments (Figure 

3.5). The mean growth ratio in the Control was 1.19, indicating that radial growth was 

increasing even in the untreated stand. Mean growth ratios in the Group Select and 

Diversity Thin treatments were 2.66 and 1.70, respectively (Figure 3.5). Growth ratios 

were the most consistent in the Control compared to the Diversity Thin and Group Select 

treatments, where growth responses varied widely between trees and even between cores 

sampled for the same tree (Table 3.2). The more extensive variability in growth ratio and 

fewer number of observations in the Group Select and Diversity Thin are responsible for 

the higher standard error in the mean growth ratio by treatment compared to the Control. 

Although the thinning treatments exhibit higher growth ratio standard error, there was no 

overlap of the standard errors of growth ratios between the Control, Group Select, and 

Diversity Thin means, indicating a significant difference between growth ratios.  
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Figure 3.3 

a) Mean annual BAI (±SE) from 2002 to 2019 by treatment. The black dashed line shows the timing 

of treatment implementation. Gray dashed line denotes mean BAI across all treatments from 2002-

2019. Annual deviation from 30-normal (1981-2010) of b) precipitation and c) temperature (PRISM 

Climate Group, 2004; 4-km resolution, interpolated). 
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Figure 1.4 

Individual tree 9-year post-treatment mean annual BAI compared to a) 9-year pre-treatment mean 

annual BAI, b) tree age, and c) neighborhood basal area of trees within 9.1 m of the focal tree. Lines 



55 

 

are simple linear regression lines by treatment. All regression lines in a), the Control regression line 

in b), and the Diversity Thin regression line in c) are statistically significant ( = 0.1). 

 

 

Figure 3.5 

Mean (±SE) Growth ratio of post-harvest mean BAI to pre-harvest mean BAI by treatment. 

 

3.3.2 Tree Growth – Hydroclimate Relationship 

The complete standardized growth chronology for the site is shown in Figure 3.6. The 

largest growth fluctuations occur before 1800, however this portion of the chronology is 

based on eight or fewer individual samples. Growth during the common interval (1891-

2019), informed by 46 to 48 individual cores, fluctuates between roughly 1.4 and 0.6. 

Tree growth in the common interval follows a cyclical pattern of 10 to 30 years, with 
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periods of low growth such as 1920 to1940 and periods of high growth such as 1895 to 

1915. 

 

Figure 3.6 

The standardized ring width chronology (annual tree growth) for the Ashpan monitoring site. 

Sample depth indicates the number of tree cores which inform the ring width index for a given year. 

The red line depicts the cubic smoothing spline used to detrend the chronology. 

 

The standardized growth chronology and annual records of temperature, precipitation, 

and streamflow for the common interval of tree growth records (1891-2019) are shown in 

Figure 3.7. The covariance between tree growth and hydroclimate can be observed 



57 

 

graphically for certain periods, such as low growth, precipitation, and streamflow in the 

1930s, the high growth, precipitation, and streamflow in the 1980s, and the high 

temperatures and growth rates in the 2010s. Additionally, Figure 3.7 shows the period of 

used for statistical correlations between tree growth and hydroclimatic variables (1928 to 

1992). 
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Figure 3.7 

Time series of a) ring width index, b) mean annual temperature and c) annual cumulative 

precipitation (PRISM Climate Group, 2004), d) cumulative annual discharge and annual minimum 

discharge of Hat Creek near Old Station, CA (US Geological Survey, 2016) for the common interval 

of tree growth (1891-2019). Gray dashed lines depict mean values over the common interval. Black 

dashed lines indicate the period of concurrent records used for statistical correlations. Gaps in 

stream discharge correspond to periods where streamflow records are unavailable.  

 

Annual tree growth in the Ashpan study area from 1928 to 1992 correlates positively to 

precipitation that fell in the previous fall and winter months, with correlation coefficients 

ranging from 0.27 to 0.33 (Figure 3.6). Although October precipitation during the 

previous year is the only season with a significant correlation to tree growth at the 1-

month season length, October through December and November through February 

precipitation exhibit significant correlations at the 3-month and 5-month season lengths, 

respectively.  

 

Winter and spring temperatures have positive correlations to the annual tree growth, with 

correlation coefficients ranging from 0.22 to 0.38 (Figure 3.6). January through April 

temperature is significantly correlated to annual tree growth at the 1-month season length, 

while 3-month and 5-months seasons ending from February to May have significant 

correlations to annual tree growth (Figure 3.6). This relationship is also observed in 

Figure 3.3, where growth patterns in all study plots closely mimic the pattern of annual 

temperature anomaly, particularly in the post-thinning period (2012-2019). Conversely, 

July temperatures, and June through September temperatures exhibit negative 
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correlations to annual tree growth of approximately 0.37 and 0.35 at the 1-month and 3-

month season lengths, respectively (Figure 3.6).  

 

Streamflow in Hat Creek correlates positively to annual tree growth at the 1, 3, and 5-

month season lengths, with correlation coefficients ranging from 0.29 to 0.47 (Figure 

3.7). Specifically, August to October streamflow of the current growth year correlates 

significantly to tree growth of the current year. Streamflow typically reaches annual 

minimums during these months, and consists of roughly one third to two thirds of 

groundwater discharge from Big Spring (Wheellock, S.; Personal Communication, July 

16, 2020). The significant correlations between tree growth and streamflow for these 

months implies that a relationship may exists between soil water and groundwater 

recharge. 
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Figure 3.8 

Correlations of the standardized ring width chronology (annual tree growth) to precipitation and 

temperature at the 1, 3, and 5-months season lengths. Precipitation is the primary variable, and 

temperature is the secondary variable. Correlations indicated as “TRUE” are significant at the α = 

0.05 interval. 
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Figure 3.9 

Pearson correlation coefficients of the standardized ring width chronology (annual tree growth) to 

precipitation and streamflow in Hat Creek at the 1, 3, and 5-months season lengths. Precipitation is 

the primary variable, and streamflow is the secondary variable. Correlations indicated as “TRUE” 

are significant at the α = 0.05 interval. 

 

3.4 DISCUSSION 

3.4.1 Impacts of Thinning on Basal Area Increment 

While concerns have been raised that old trees have minimal capacity to respond to 

environmental changes and that forest management practices may cause inadvertent 

damage (Kolb et al., 2007), the results of this investigation indicate that shade-intolerant 

species can respond to forest density reduction treatments. The Group Select treatment 

prompted a dramatic increase in BAI compared to large ponderosa pines in the unthinned 

Control, while the Diversity Thin induced a moderate increase in BAI relative to large 

ponderosa pines the Control. The positive slopes of the relationship between mean post-
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treatment BAI and tree age suggest older trees may benefit more from both Group Select 

and Diversity Thin treatments. Additionally, only 4 of 48 cores hit pith, so most tree ages 

are conservative estimated based on the oldest dated ring of each core.  Notwithstanding, 

the change of sign of the slope of the relationship between tree age and post-treatment 

BAI observed in the treatments, and that observed in the Control also indicates the 

treatments were likely more beneficial to older trees. The regressions between post-

treatment neighborhood basal area and mean post-treatment BAI agree with other studies 

showing that more significant reductions in competition (neighborhood basal area) cause 

increased BAI (Hood et al., 2018; Thomas & Waring, 2015; Vernon et al., 2018), as 

shown by the slope of the Group Select and Diversity Thin regression lines in Figure 

3.4a. 

 

The Group Select and Diversity Thin treatments seemed to lessen the effects of moderate 

to severe drought conditions, which initiated one year after treatment and persisted for 

four years after treatment implementation (Abatzoglou, 2013). The most significant 

increases in radial growth occurred in 2014 and 2015, the third and fourth years of a 

moderate-severe multi-year drought, and when the annual average temperature was more 

than 1°C above average. Differences in soil moisture content were likely the primary 

driver of the increase in radial growth, with the end of season soil moisture content being 

higher in both treatments relative to the Control in 2014 and 2015 (Gaffney, 2016; 

O’Halloran, 2018). In general, higher temperatures result in greater potential 

evapotranspiration, but greater soil moisture availability and reduced competition in the 

treatment areas may have offset increased evaporative demand. However, sap flow 
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measurements within the Group Select and Diversity Thin treatments suggest that 

retained trees within both treatment areas still become water-limited in the late growing 

season and reduce transpiration rates in above average water years (Gaffney, 2016; 

O’Halloran, 2018). The increased growth in thinned stands during multi-year drought 

conditions observed here supports the conclusion that trees in thinned stands have a 

higher resistance to drought compared to trees in unthinned stands (Kolb et al., 2007; 

Stephens et al., 2018; Thomas & Waring, 2015; Vernon et al., 2018). The increased 

resistance to drought may increase the capability of the trees to pitch out attacking insects 

(Allen et al., 2010), which otherwise could occlude the sapwood, causing transpiration to 

slow or cease leading to eventual mortality (McDowell et al., 2008, 2009). 

 

Although the results are generally consistent with other studies, the observed impacts of 

the Diversity Thin treatment diverge from the findings of previous studies. At the Ashpan 

study site, the Diversity Thin treatment, which included radial thinning and general 

matrix thinning, induced a statistically significant increase in BAI, contrary to results 

from elsewhere in Lassen National Forest (Hood et al., 2018). Although the linear 

regressions between post-treatment BAI and neighborhood basal area were statistically 

insignificant, growth ratios followed a pattern similar to the post-treatment -

neighborhood basal area relationship. Hood et al. (2018) suggested that the lack of 

observed response in BAI may be because a 9.1 m thinning radius is insufficient to 

induce a radial growth response in large ponderosa pines. However, our results indicate 

that competition removal of within radii less than 9.1 m can result in a radial growth 

response in large ponderosa pine.  
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The number of sampled trees and the time since treatment observed here may be limiting 

factors. The sample pool reported on here is smaller than those of other studies (Hood et 

al., 2018; Vernon et al., 2018) and is likely the source of the relatively high standard error 

of post-treatment mean annual BAI values. The increase in BAI observed in the 

treatments appears to be sustained, but the relatively short time since treatment (9 years) 

only allows for speculation of long-term trends. However, Latham and Tappeiner (2002) 

reported the greatest radial growth in ponderosa pine 20-25 years post-treatment.   

Additionally, pre-harvest neighborhood basal area measurements would have enabled the 

explicit quantification of the reduction in neighborhood basal area about each focal tree. 

 

3.4.2 Tree Growth – Hydroclimate Relationship 

The interseries correlation among individual tree ring series (R = 0.52) indicates that 

there may be an over-arching growth-limiting factor that affects tree growth and 

productivity in the Ashpan study area. While our analysis demonstrate that annual tree 

growth positively correlates to the previous fall and winter precipitation (r = 0.21 to 0.33; 

Figure 3.8), tree growth exhibits the strongest correlations (r = 0.21 to 0.47)  to winter 

and spring air temperatures (Figures 3.8 and 3.9). This relationship is seen graphically in 

Figure 3.3, where BAI patterns in all treatments closely follow annual temperature 

deviations from 2013 to 2019. Still, previous work in the Ashpan study area supports the 

notion that tree growth is limited by summer soil moisture availability, since growth was 

dramatically increased in the Group Select and Diversity Thin treatments relative to the 

Control and both treatments have been shown to increase summer soil moisture 
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availability (Gaffney, 2016; O’Halloran, 2018). The limiting factor for tree growth likely 

varies from year to year, but increased soil moisture availability following treatments and 

strong correlations to winter and spring temperatures imply that post-treatment tree 

growth is primarily temperature (e.g., shortwave and longwave radiation) limited.  

 

Because Ashpan study area is situated within a hydrogeologic system with high storage 

capacity and highly permeable material, we expect increased sensitivity of streamflow to 

annual precipitation dynamics as compared to systems with little to no storage such as the 

Western Cascade, Oregon Coast range, and the Sierra Nevada (Jefferson et al., 2015). 

Due to the responsiveness of streamflow and tree growth to annual precipitation 

variability, we were not surprised to observe significant correlations between annual tree 

growth at the Ashpan study site and seasonal streamflow in Hat Creek. Annual tree 

growth at the Ashpan study site is significantly correlated to late summer and early fall 

streamflow of the current year of growth (r = 0.29 to 0.47; Figure 3.9). These results 

indicate a significant relationship between tree growth and groundwater recharge in the 

Hat Creek hydrogeologic system, since Big Spring contributes one third to two thirds of 

streamflow in upper Hat Creek (Wheellock, S.; Personal Communication, July 16, 2020). 

Soil water and groundwater recharge in the upper Hat Creek catchment are investigated 

in greater detail in Chapter 4 using a dual stable isotope approach and a simple catchment 

water balance.  

 

Our results indicate growth responsiveness to climate is enhanced under low competition 

levels, in agreement with the results of other investigations (Guillemot et al., 2015; 



66 

 

Sánchez-Salguero et al., 2015). With air temperatures in the region projected to increase 

in coming decades (Dettinger et al., 2018), and high growth responsiveness to seasonal 

climate in thinned stands, our results suggest that Group Select and Diversity Thin 

treatments will serve to safeguard forest productivity and health in the face of climate 

change. Thus, the forest treatments applied as part of the Burney-Hat Creek Basins 

Project likely meet a primary goal of the project: to increase forest health and promote 

sustainable forests for future climate change scenarios.  

 

3.5 CONCLUSION 

The objective of this study was to evaluate the growth effects of two forest density 

reduction treatments in comparison to an adjacent untreated area in large (>64 cm dbh) 

ponderosa pines. Using BAI as a metric of tree growth, we showed that Group Select and 

Diversity Thin treatments increased the radial growth of large ponderosa pines compared 

to ponderosa pine in an unmodified stand, yet the magnitude of the response varied 

between treatments. The Group Select treatment prompted growth rates in remaining seed 

trees that were 2-3 times higher than before the treatment, while the Diversity Thin 

resulted in growth rates that were 1.5 to 2 times higher. Growth releases in both 

treatments were initiated and sustained during a multi-year drought with above-average 

annual temperatures, suggesting the treatments increased drought resistance.  

 

Annual growth of ponderosa pine in our study area correlates positively to winter and 

spring air temperatures, fall and winter precipitation, and early fall streamflow, yet 
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annual growth correlates negatively to summer air temperatures. Although growth 

exhibits significant correlations to temperature and precipitation, overall, our results 

suggest that following the thinning treatments, the limiting factor for tree growth at the 

Ashpan study area is winter and spring air temperature. Based on our results and those of 

previous investigations, which have shown reductions in tree-to-tree competition result in 

greater sensitivity to hydroclimatic conditions, we expect the treatments to sustain 

increased radial growth rates under projected increases in regional temperatures.  

 

 Overall, our results suggest that these treatments increase productivity, health, and 

drought resistance in large ponderosa pine, a key management objective in Lassen 

National Forest and similar forests across the western US. Further research should sample 

more trees in all five of the thinning treatments implemented in the 49 North project area 

on a variety of slopes and aspects to assess the impacts of thinning treatments not studied 

here and to evaluate if the growth response found here is consistent across gradients of 

slope and aspect.  
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Chapter 3: Seasonal Changes in Ponderosa Pine Water 

Source Depth and the Impacts of Forest Thinning 

 

4.1 INTRODUCTION 

A wealth of research has focused on water partitioning in the soil-tree-atmosphere 

continuum, particularly in headwater catchments, like Lassen National Forest. However, 

understanding the complex exchanges and interactions between precipitation, soil and 

groundwater storage, and watershed outputs such as evaporation, transpiration, and 

streamflow is still a key challenge in ecohydrology (Vose et al., 2011). Summer moisture 

availability is a significant factor controlling tree growth in the Burney Hat Creek Basins 

CFLRP, but spatial heterogeneity of soil moisture with depth and seasonal dynamics at 

all depths necessitates specific investigation of where in the soil column ponderosa pine 

source water. In chapter 3 of this study, we employ a dual stable isotope approach to 

explore seasonal variations in water source depth of ponderosa pine and evaluate whether 

forest management practices impact root water uptake depth. 

 

Previous research (Gaffney, 2016; O’Halloran, 2018) at the Ashpan study site in Lassen 

National Forest analyzed soil moisture and sap flux velocity data to determine the impact 

of Group Select and Diversity Thin vegetation management treatments on annual soil 

moisture recession and transpiration (sap flow) dynamics. Their findings suggest that the 

treatments delay the onset of soil moisture recession and increase the residual soil water 

content at the end of the growing season (Gaffney, 2016). However, results also indicate 
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that healthy, mature ponderosa pines in the Diversity Thin and Group Select treatment 

reach critical soil moisture levels, causing reduced transpiration during multi-year 

droughts (2015) and years of average and above-average precipitation (2016 and 2017) 

(O’Halloran, 2018). Still, their analyses focused on the timing of soil moisture and 

transpiration dynamics rather than water uptake depth, which is essential for reliably 

modeling and forecasting species dynamics and the effects of climate change on 

ecosystem processes (West et al., 2007). In this chapter, we build on the work of Gaffney 

(2016) and O’Halloran (2018) to investigate seasonal changes in the depth of water 

uptake by ponderosa pine in Lassen National Forest using a dual stable isotope approach. 

 

4.1.1 Stable Isotope Overview 

Isotopic compositions of stable isotopes of water are expressed as a ratio of heavy (rare) 

to light (common) isotope (e.g., R = 2H/1H or 18O/16O). Measuring the exact ratio of a 

sample is inaccurate because heavy isotopes occur in such low abundances. Instead, 

relating the ratio of a sample to a known standard is more accurate. The standard used for 

water is the Vienna Standard Mean Ocean Water (VSMOW) and has a 2H/1H ratio of 

155.95 x 10-6 (de Wit et al., 1980) and an 18O/16O ratio of 2005.2 ±0.45 x 10-6 (Baertschi, 

1976). Isotope values are reported in delta (δ) notation in parts per thousand (‰) as 

follows: 

𝛿𝑠𝑎𝑚𝑝𝑙𝑒 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑉𝑆𝑀𝑂𝑊
− 1)  × 1000      (1) 

where Rsample is the 2H/ 1H or 18O/16O ratio measured in the sample, and RVSMOW is the 

2H/1H or 18O/16O ratio of VSMOW (Dingman, 2015). Positive δ values are enriched in 
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the heavy isotope compared to VSMOW, and negative values are depleted in the heavy 

isotope compared to VSMOW. 

 

The quantity of stable isotopes in natural waters varies due to fractionation. Fractionation 

ensues as the result of mass differences between isotopes that lead to different 

physicochemical properties. Fractionation occurs either through an equilibrium reaction 

or a kinetic reaction (Hoefs, 2009). Equilibrium fractionation happens when the products 

and reactants can reach equilibrium and is a reversible process because the forwards and 

backward reaction rates are equal. Kinetic fractionation is an irreversible process, where 

the backward and forward processes are not equal. Kinetic fractionation takes place when 

the products are separated from the reactants, as in the case of evaporation.  

 

The essential fractionating reactions concerning water isotopes are related to phase 

changes. Water molecules containing 2H and 18O have a lower freezing point and lower 

vapor pressure (Friedman et al., 1963), which results in preferential accumulation in the 

higher density phases. In the case of evaporation, the lighter isotopes evaporate first, 

leaving the heavier isotopes behind, resulting in isotopically enriched residual water 

(Craig & Gordon, 1965). 

 

4.1.2 δ2H and δ18O in Soil Hydrology 

Stable isotopes of water (2H and 18O) are seen as ideal natural tracers since they are part 

of the water molecule (Kendall & McDonnell, 1998). Spatial and temporal variations of 

δ18O and δ2H throughout natural systems have granted new perspectives concerning a 
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wide variety of hydrological processes, including soil evaporation and plant water source 

identification.  

 

Precipitation is the only input to headwater catchments, meaning that the δ18O and δ2H 

signature in precipitation serves as the starting point for the δ18O and δ2H signature of 

soil water, and the water transpired by plants. Therefore, the δ18O and δ2H signatures in 

precipitation are critical to interpreting the δ18O and δ2H data obtained from soil waters 

and xylem (i.e., plant stem) waters (Sprenger et al., 2017).  

 

The δ18O and δ2H measured in precipitation all over the world follow an empirical linear 

relationship termed the global meteoric water line (GMWL): δ2H = 8.2× δ18O + 11.3 

(Rozanski et al., 1993). This relationship between 18O and 2H ensues from Rayleigh 

processes (equilibrium fractionation) regulated by the vapor pressure (humidity) and 

temperature conditions during phase changes between liquid water and water vapor 

(Dansgaard, 1964). Because temperature and humidity have high spatiotemporal 

variation, the relationship between δ18O and δ2H at a specific site is better defined by a 

local meteoric water line (LMWL), which describes regional equilibrium conditions 

(Hervé-Fernández et al., 2016).  

 

In Mediterranean climates, precipitation water that infiltrates into a soil column often 

undergoes subsequent evaporation, and the remaining pore water becomes enriched in 

heavy isotopes by evaporative fractionation (Sprenger et al., 2016). Evaporation typically 

occurs in the top one meter of soils, and the degree of evaporation enrichment decreases 
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exponentially with depth (Allison & Barnes, 1983). The relation between δ18O and δ2H of 

soil water that has undergone evaporation differs from the LMWL and most often falls 

below the LMWL in dual-isotopes space.  

 

Dansgaard (1964) first defined the difference between the global δ18O and δ2H 

relationship (i.e., the GMWL) and an individual water sample, termed the deuterium 

excess (d-excess). The d-excess can be computed via Equation (1). 

𝑑 − 𝑒𝑥𝑐𝑒𝑠𝑠 =  𝛿2𝐻 − 𝛿18𝑂     (1) 

According to Equation (1), water that has undergone evaporation (kinetic fractionation) 

will have d-excess values of less than 10 ‰. However, Landwehr and Coplen (2006) 

defined a more comprehensive model, which accounts for the regional δ18O and δ2H 

relationship (i.e., the LMWL), termed the line conditioned excess (lc-excess). The lc-

excess can be computed via Equation (2), 

𝑙𝑐 − 𝑒𝑥𝑐𝑒𝑠𝑠 =  𝛿2𝐻 − 𝑎 × 𝛿18𝑂 − 𝑏    (2) 

where a and b are the slope and intercept of the LMWL. Thus, water that has experienced 

fractionation by evaporation has negative lc-excess (Landwehr et al., 2014). The lc-

excess is similar to the d-excess but is scaled to the LMWL rather than the GMWL. Thus 

lc-excess is more advantageous for inferring evaporative fractionation because the lc-

excess quantifies the deviation of a sample from the LMWL, which more accurately 

describes local equilibrium conditions than does the GMWL. 

 

Plants source water from soil water, and root water uptake is generally considered to be a 

non-fractionating process (Brooks et al., 2010; Dawson & Ehleringer, 1991; Evaristo et 
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al., 2015; Zimmermann et al., 1967). Thus, the isotopic composition of xylem water 

represents an integrated signal of its sources in the subsurface (Evaristo et al., 2017). 

Thus, xylem water and soil water frequently have negative lc-excess values and plot 

below the LMWL in dual-isotope space. Soil and xylem waters are often well defined by 

linear trendlines (e.g., Brooks et al., 2010; Evaristo et al., 2015; Vargas et al., 2017) with 

slopes that are typically between 3 and 6.5 (Gibson et al., 2008). These trend lines have 

often been interpreted as soil evaporation lines, which leads to the presumption that 

extrapolating these lines to their intersection with the LMWL should yield the original 

composition of the source water (Evaristo et al., 2015; Hervé-Fernández et al., 2016). 

This reasoning is valid if all evaporated samples originate from a single source water 

composition; however, it can be invalid where the samples originate from a mixture of 

isotopically variable precipitation (Benettin et al., 2018).  

  

Previous work using a dual water isotope approach has proposed an alternative 

conceptual framework to explain the isotopic separation of precipitation, groundwater, 

and streamflow from xylem water and bulk soil water. Brooks et al. (2010) first proposed 

the “two-water worlds” hypothesis (henceforth TWWH) because extrapolation of the 

(soil) evaporation line to the intersection with the LMWL indicated a source water 

isotopic composition well below that of the amount-weighted mean annual precipitation 

composition. 

 

The TWWH is simplistic, but in specific scenarios, it contradicts current knowledge of 

both watershed hydrology and plant physiology (Berry et al., 2017). The central notion of 
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the TWWH is that plants preferentially utilize nonmobile, tightly bound soil water, while 

mobile soil water contributes to streamflow through infiltration and groundwater recharge 

(McDonnell, 2014). The TWWH assumes there is no mixing of tightly bound soil waters 

with mobile waters and that plant water uptake is a non-fractionating process and occurs 

without isotopic discrimination. A meta-analysis of 47 globally distributed isotopic data 

sets by Evaristo et al. (2015) argued that this pattern of ecohydrologic separation is 

present in a wide variety of ecosystems. However, the assumptions of the TWWH are 

known to not always  be accurate, sparking significant debate and alternative 

explanations for the isotopic separation of mobile and immobile water pools (Berry et al., 

2017; Dubbert et al., 2019; Sprenger et al., 2019; Vargas et al., 2017). 

 

Even if there is minimal mixing between mobile and immobile pore waters and plants 

uptake immobile water when mobile water is available to their roots, there must be a 

source to replace the soil water transpired by plants to maintain the process in time 

(Hervé-Fernández et al., 2016). Brooks et al. (2010) proposed that following transpiration 

of immobile soil water by plants during the dry season, tightly bound soil micropores are 

recharged by the first rainy season precipitation, and subsequent precipitation flows 

through soil macropores without isotopically exchanging with the water bound in soil 

micropores. However, recent studies have contested this explanation, demonstrating 

significant isotopic exchange between micropores and macropores and significant 

isotopic discrimination by plants during water uptake (Vargas et al., 2017), and that 

isotopic differences between soil and plant water vs. groundwater and streamflow can be 

fully explained by spatiotemporal dynamics (Dubbert et al., 2019). 
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4.1.3 Research Objective 

The objective of this work is to investigate seasonal variation in the depth from which 

healthy, mature ponderosa pine source water from the subsurface by using stable isotope 

composition of soil and xylem waters. Specifically, this investigation seeks to answer the 

following questions: Does the depth of root water uptake by ponderosa pine vary 

throughout the growing season? Moreover, do Group Select and Diversity Thin 

treatments impact the depth from which mature ponderosa pine uptake soil water as 

compared to an unthinned forest? We predict that ponderosa pines source water from 

shallower depths in the spring when soil moisture is at a maximum and draw water from 

deeper in the soil column as volumetric water content decreases to annual minimum 

values in the fall. Due to differences in tree-to-tree competition between the treatments, 

we expect that trees in the unthinned forest uptake water from deeper soil moisture than 

trees in the Group Select and Diversity Thin treatments.  

 

4.2 METHODS 

4.2.1 Data Collection 

To meet the objectives of this study through a dual stable isotope approach, we first had 

to characterize the isotopic signature in precipitation inputs. We utilized precipitation 

samples from a nearby sampling site in the National Trends Network of the National 

Atmospheric Deposition Program (NADP). The sampling site (CA 96) is in Lassen 

Volcanic National Park at Manzanita Lake, located approximately 7 km to the SW of the 
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Ashpan study site and 130 m higher in elevation. Precipitation samples were collected 

weekly following standard collection procedures by the primary air quality operator and 

transported to the NADP lab at Wisconsin State University, Laboratory of Hygiene in 

Madison, WI. There, the samples were loaded into 8 ml scintillation vials and shipped to 

the University of Nevada, Reno, for isotopic analysis. In addition to precipitation samples 

collected by NADP, we collected two precipitation samples at the Ashpan study site. We 

collected samples over two 2-week periods using an 8” diameter funnel attached to a 1.3 

L glass beaker with a 1 cm thick body of mineral oil. The onsite samples were collected 

from January 10th to January 24th, 2019, and from January 24th to February 7th, 2019.   

 

To characterize the isotopic signature of xylem water and soil water, we sampled six 

ponderosa pines (focal trees) within the Group Select (n=2) and Diversity Thin (n=2) 

treatment and the Control (n=2) forest in April, June, and September of 2019. We used a 

5-mm increment borer to extract tree stem cores at 1.3 m above the ground surface from 

each focal tree. We collected soil samples from two depth intervals (0-50 cm and 50-100 

cm) from within 2 m of each focal tree using a 6.4 cm diameter manual auger. Soil 

samples from each depth interval were mixed thoroughly in a plastic tote, then loaded 

glass vials with polyseal cone inserts in the cap to prevent evaporation. Similarly, tree 

stem cores were placed into glass vials with polyseal cone inserts. Soil and tree stem 

samples were wrapped in parafilm and placed into a cooler during transport. Samples 

were stored in a refrigerator until cryogenic vacuum extraction. 
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4.2.2 Cryogenic Vacuum Extraction 

Cryogenic vacuum extraction (CVE) is commonly employed method to extract water 

from plant materials and soils for isotopic analysis (Berry et al., 2017; Koeniger et al., 

2011; N Orlowski et al., 2013; Natalie Orlowski et al., 2016; Rivera et al., 2019). During 

CVE, the sample is heated under a vacuum, which evaporates the sample, then the vapors 

are condensed in a liquid nitrogen cold trap. We constructed a CVE system capable of 

extracting four samples simultaneously in the Soils Lab at UNR. A schematic of the 

system is represented in Figure 4.1a and pictured in Figure 4.1b. The CVE apparatus 

shown in Figure 4.1a-b was used for both soil water and xylem water extractions. 

 

We used a rotary valve vacuum pump to maintain a vacuum of -82 kPa during the 

extraction procedure (Duo-Seal Vacuum Pump, Model 1400). The vacuum was applied 

during the entire extraction procedure to remove gases that do not condense in the liquid 

nitrogen trap. A circulating water bath was used to maintain a constant temperature in the 

condenser of ~20 °C, although this temperature is not critical to the functioning of the 

system.  

 

We applied heat to the sample chamber via electric heat tape wrapped around a brass 

sample sleeve. The heat tape was controlled by a Campbell Scientific CR10x datalogger 

programmed to apply heat based on concurrent measurements of internal and external 

extraction chamber temperatures and pre-programmed temperature set points. External 

and internal extraction chamber temperatures were continuously measured by type-T 

thermocouples placed between the sample sleeve and the heat tape and within a vacuum-
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tight enclosure that extends into the center of the sample chamber. A set of if-then-else 

logical steps were used to determine when to power on the heat tape. The pre-

programmed set points consist of an upper and lower temperature limit and the maximum 

temperature difference between the inner- and outer-temperature. For soil water 

extractions, the temperature limits were 100 °C and 105 °C, while for xylem water 

extractions from tree cores, the temperature limits were set to 65 °C and 70 °C to avoid 

organic combustion. A maximum temperature difference of 40 °C was used for all 

extractions. Extraction times ranged from 60 to 75 minutes. 
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Figure 4.1 

a) Schematic of a single cryogenic extraction apparatus showing the components of the sample 

chamber of the left, the water-cooled condenser in the center, the liquid nitrogen cold trap on the far 

right (Decker et al., unpublished). b) Photo of the full cryogenic vacuum extraction system showing 

the four sample chambers and liquid nitrogen cold traps, as well as the vacuum pump in the lower 

right-hand corner. 

 

(a) 

(b) 



87 

 

The extraction chambers were loaded in a walk-in refrigerator to reduce evaporation 

while loading sample vials into the chamber. The glass sample vials were placed into the 

extraction chamber and surrounded with oven-dried clean glass beads to promote thermal 

conduction within the chamber. A piece of bronze wool was placed in the neck of the 

sample vial to prevent the glass beads from entering the sample vial. Bronze wire wool 

was also placed above the glass beads to prevent the transfer of sample material out of the 

sample chamber.  

 

The collection flasks were covered with Parafilm when removed from the distillation 

apparatus to seal the collection flasks while the condensed vapors melted. The extracted 

waters were transferred to 2 ml glass autosampler vials with disposable pipettes, then 

refrigerated until delivery to the Nevada Stable Isotope Lab. In cases where less than 2 ml 

was collected during the extraction process, 0.3 ml poly spring inserts were placed within 

the 2 ml autosampler vials.  

 

The mass of each collection flask and glass vial containing soil or tree stem core (i.e., 

xylem) samples were recorded before and after each extraction. The initial and final mass 

of the collection flasks and sample vials were used to determine the proportion of mass 

recovered during extraction. Mass recovery percentages were typically greater than 90%, 

yet, there were a few samples that had mass recovery in the 80-90% range (Appendix A). 

Extractions with less than 90% mass recovery rates were associated with crystallized 

vapors clogging the inner annulus of the glass distillation adapter and occasionally 

dislodging back into the condenser tubing when the vacuum was released.  
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4.2.3 Isotopic Analysis 

Isotopic analyses of all samples were completed in the Nevada Stable Isotope Laboratory 

with a Picarro L2130-i cavity ring-down spectrometer, using US Geological Survey water 

isotope standards for calibration. The results of each analysis include a quality assurance 

and control comment generated by ChemCorrect software indicating contamination 

levels by organic compounds. Several xylem water samples, including 5 of 6 samples 

collected in April and 3 of 6 samples collected in June, were contaminated heavily with 

organic compounds, and produced unreliable results. Heavily contaminated samples were 

excluded from any further analysis and are not presented here.  

 

4.2.4 Data Analysis 

We defined the LMWL by linear regression of NADP (n=24) and onsite precipitation 

samples (n=2) from the 2019 water year. The r-squared of the LMWL regression was 

higher with the precipitation samples collected at the Ashpan study site, suggesting that 

NADP precipitation samples are an acceptable proxy for the δ18O and δ2H in 

precipitation at the Ashpan study site. According to a previously derived vertical isotopic 

gradient of -.23‰ δ18O per 100 m for the region (Rose et al., 1996), there may be up to a 

0.3‰ δ18O difference in precipitation between Manzanita Lake (1782 masl) and the 

Ashpan study site (1653 masl).  

 

Precipitation-weighted means of δ18O and δ2H in precipitation (δPWT) were computed as  
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𝛿𝑃𝑊𝑇 =  ∑ 𝛿𝑥𝑖 𝑓𝑥𝑖
𝑛
𝑥=1     (3) 

where δPWT is the volume-weighted mean δ18O and δ2H  in precipitation, δxi is the 

isotopic composition of the ith sampling period,  fxi is the fraction contribution of the ith 

sampling period to the annual precipitation total, and n is the number of sampling periods 

(i = 1-24). Fraction contributions of each sampling period were computed by dividing the 

total depth of precipitation recorded during each sampling period by the total 

precipitation depth for the 2019 water year using records from a tipping bucket rain gage 

collocated with the NADP sampler. 

 

We determined the trend of soil (n=34) and xylem (n=10) water isotope data by linear 

regression. Additionally, for each soil and xylem water sample, we computed the lc-

excess as a function of the slope and intercept of the LMWL (Equation 2; Landwehr and 

Coplen, 2006). The lc-excess quantifies the deviation of the samples’ δ2H value from the 

LMWL, where negative lc-excess values indicate of fractionation by evaporation 

(Landwehr et al., 2014).  

 

4.3 RESULTS 

4.3.1 δ18O and δ2H in Precipitation  

The δ18O and δ2H in precipitation samples are shown in dual-isotope space in Figure 4.2. 

As expected, precipitation samples collected at Manzanita Lake and onsite at the Ashpan 

study site have a strong linear correlation (R2 = .99, p <<0.0001) with an approximate 

slope of 7.6 and intercept of 4.2‰ δ2H (Figure 4.2). The LMWL deviates slightly from 
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the GMWL, which has a slope of 8.2 and a δ2H intercept of 11.3 (Rozanski et al., 1993). 

The isotopic composition in precipitation varied widely over the 2019 water year, ranging 

from -3‰ to -22‰ and -31‰ to -171‰, for δ18O and δ2H, respectively. The 

precipitation-weighted mean δ18O and δ2H in precipitation were -13.5‰ and -98‰, 

respectively. The precipitation-weighted mean δ18O composition in precipitation is much 

the same as the δ18O composition of groundwater discharge at Big Spring (-13.4‰, -

96‰,  Rose et al., 1996), approximately 15 km northeast of Manzanita Lake.  

 

The time series of daily precipitation amounts and the δ2H composition in precipitation 

inputs are shown in Figure 4.3. Total precipitation at Manzanita Lake was 1393 mm for 

the 2019 water year, approximately 30% above average (1045 mm, WRCC). The δ2H 

signature in precipitation varied seasonally and within individual storms. Generally, 

precipitation was depleted during winter months relative to fall and spring months. An 

unusually cold storm in May was isotopically depleted, with δ2H compositions similar to 

mid-winter precipitation. Storm events in February, March, and May exhibit substantial 

intra-storm variability in δ2H composition. These storms had isotopically depleted 2H 

values at the onset of the storm event, and enriched values later in the storm event. Storm 

events were defined by periods with three or more consecutive days of precipitation, 

separated by at least three days without precipitation.  
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Figure 4.2 

Composition of δ18O and δ2H in precipitation during the 2019 water year. Blue dots represent 

samples collected by NADP, and red dots represent samples collected onsite at Ashpan. The amount-

weighted mean precipitation composition is shown as a blue square. The isotopic composition of 

groundwater discharge at Big Spring is shown as a black dot (δ2H estimated via LMWL; Rose et al., 

1996).  The GMWL (d2H = 8.2 x d18O + 11.3; Rozanski et al., 1993) is shown as a dashed black line. 

The LMWL and linear regression results are shown in blue. 



92 

 

 

Figure 4.3 

Time series of daily precipitation amounts (left-hand axis) and the δ2H composition (right-hand axis) 

in precipitation collected at Manzanita Lake, CA. Gaps represent periods without precipitation or 

when NADP samples were unavailable. 
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4.3.2 δ18O and δ2H of Soil and Xylem Water 

The soil water, xylem water, and precipitation δ18O and δ2H data are shown in dual-

isotope space in Figure 4.4, and averages for each pool are presented in Table 4.2. Soil 

and xylem waters fall below the LMWL in dual-isotope space and are isotopically 

depleted relative to the amount-weighted mean precipitation composition. In general, 

shallow (0-50 cm depth) soil water is enriched compared to deep (50-100 cm depth) soil 

water and xylem water (Figure 4.4). The enrichment of shallow soil water relative to deep 

soil water signifies greater evaporation in shallow soil compared to deep soil. 

 

he 2H and 18O values in soil and xylem water ranged from –100 to -150 ‰ and -11.8 

to -19.0‰, respectively (Figure 4.4). Soil and xylem water 2H and 18O data are 

strongly correlated along a line with a slope of approximately 6 and an intercept of -27 

(R2=.95, p << 0.0001). The trendline of soil and xylem water intersects the LMWL at 

18O and 2H values of approximately -20.0‰ and -147‰, respectively. If this is a true 

evaporation line, it would mean that all soil and xylem water evolved from water with 

that composition.  

 

The 2H and 18O values of soil and xylem water collected during individual sampling 

campaigns are shown in Figure 4.5. Overall, shallow soil water was enriched compared to 

deep soil water during all sampling campaigns (Figure 4.5). Shallow and deep soil water 

exhibit little change in isotopic composition between April and June but show enrichment 

in 18O and 2H along the trendline from June to September. The enrichment of shallow 
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and deep soil water from June to September suggests soil evaporation mainly occurs over 

this period. This interpretation makes sense when considering mean soil moisture 

contents, which decreased from substantially from June to September (Table 4.1). 

However, it is important to remember that soil moisture recession reflects the effects of 

transpiration and soil evaporation.  

 

Table 4.1 Mean soil moisture content in the thinning treatments during each sampling campaign. 

Mean values are based on soil moisture observations at 15, 30, 50, and 100 cm depth in the Group 

Select and Diversity Thin. Mean values for the Control are computed from observations at 30 and 50 

cm only.  

 Mean Soil Moisture (%) 

Sampling 

Campaign 
Group Select Diversity Thin Control 

April 24.8 31.8 24.9 

June 22.4 27.5 15.8 

September 18.3 17.2 11.0 

 

 

Xylem water compositions show a progression towards more isotopically depleted values 

between June and September, a pattern opposite to that of shallow and deep soil water 

(Figure 4.5). Xylem water in June plots proximal to deep soil samples, while xylem water 

collected in September is depleted relative to deep soil water. The proximity of xylem 

water and deep soil water in dual-isotope space in June suggests that the mean water 

source depth was from the 50-100 cm interval. Xylem water becomes isotopically lighter 

in September, whereas soil water becomes isotopically heavier due to fractionation by 

evaporation. Since evaporative enrichment decreases exponentially with depth, shallow 
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soil water is isotopically heavier than deep soil water and plots further from the LMWL. 

Based on this relationship, we can assume that the farther a sample plots to the left along 

the soil-xylem water trendline, the deeper the source within the soil profile. Thus, the 

depleted signature of xylem water compared to soil water from the 50-100 cm interval in 

September suggests that the mean water source depth was from deeper than 100 cm.  

 

The distributions of lc-excess of soil water and xylem water collected during our three 

sampling campaigns are shown in Figure 4.6a-c. Shallow soil water shows a clear 

progression towards more negative lc-excess values, indicating enrichment by 

evaporation (Figure 4.6a). Deep soil water shows less of a progression towards more 

negative lc-excess values, signifying less evaporation than shallow soils (Figure 4.6b), 

consistent with our understanding of soil physics. The lc-excess of xylem water 

decreased from June to September and exhibit values much the same as deep soil water 

(Figure 4.6b-c). This decrease suggests the trees were sourcing water from a mean depth 

greater than 50 cm in June and September. 
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Figure 4.4 

Isotopic composition of all soil water, xylem water, and precipitation with box plots showing the 

distributions of d2H and d18O values. The boxes extend from the Q1 to the Q3 quartile values with a 

line at the median value. Colors of box plots correspond to the sample type. The blue line shows the 

LMWL (d2H = 7.6 x d18O + 4.2). The trendline of soil and xylem water and the regression statistics 

are shown in red. 
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Table 4.2 δ2H and δ18O averages and standard deviations for each pool. The precipitation average is 

weighted by the amount of precipitation.  

 

δ2H 
Avg. 

δ18O 
Avg. 

δ2H Std 
Dev 

δ18O Std 
Dev 

lc-excess  
Avg. 

number of 
samples (n) 

All Months             

Precipitation -98 -13.6 27 3.6 0.0 24 

Shallow Soil 
Water 

-110 -13.9 8 1.3 -9.8 18 

Deep Soil 
Water 

-124 -16.1 10 1.5 -5.7 16 

Xylem Water -128 -16.7 13 1.8 -5.9 10 

April             

Shallow Soil 
Water 

-111 -14.5 9 1.3 -5.6 6 

Deep Soil 
Water 

-125 -16.4 9 1.3 -4.9 6 

Xylem Water -122 -16.3 - - -2.7 1 

June             

Shallow Soil 
Water 

-114 -14.2 6 1.2 -10.2 6 

Deep Soil 
Water 

-133 -17.6 7 0.5 -5.2 4 

Xylem Water -128 -16.6 10 1.7 -6.1 3 

September             

Shallow Soil 
Water 

-106 -13.0 8 1.0 -12.3 6 

Deep Soil 
Water 

-117 -15.0 8 1.4 -7.4 6 

Xylem Water -130 -16.8 15 2.2 -6.3 6 
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Figure 4.5 

Isotopic composition of shallow soil water, deep soil water, and xylem water collected on April 21st, 

June 28th, and September 21st, 2019. The boxes extend from the Q1 to the Q3 quartile values with a 

line at the median value. Colors of box plots correspond to sample type. The LMWL is shown in blue, 

and the soil-xylem trendline is shown in red.  
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Figure 4.6 

Distribution of line conditioned excess (lc-excess) of (a) shallow soil water, (b) deep soil water, and (c) 

xylem water grouped by sampling date. The grey dashed line illustrates the average composition of 

precipitation (0 ‰). The boxes extend from the Q1 to the Q3 quartile values with a line at the median 

value and a black point at the mean value. 
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4.3.3 Impacts of Forest Management Practices  

Shallow soil water collected in the Group Select is more isotopically enriched compared 

to shallow soil water in the Diversity Thin treatment and the Control (Figure 4.7). The 

isotopic enrichment of shallow soil water in the Group Select suggests it may have 

increased shallow soil evaporation relative to the Diversity Thin and Control forest, as a 

result of increased daily maximum vapor pressure deficit (See sections 2.3.1 and 2.3.4). 

Deep soil water is enriched relative to the LMWL but does not vary between treatments 

(Figure 4.7), implying the thinning treatments did not impact deep soil evaporation.  

 

Xylem water from all treatments typically exhibit 2H and 18O values that are more 

proximal to deep soil water signatures than shallow soil water signatures (Figure 4.7). 

One xylem water sample from the Diversity Thin and one from the Control plot proximal 

to shallow soil water, however other xylem waters from these treatments have isotopic 

compositions that plot nearby deep soil water in dual-isotope space (Figure 4.7). The 

juxtaposition of xylem and deep soil water 2H and 18O data implies that water source 

depth is primarily greater than 50 cm depth, and the thinning treatments likely did not 

impact water uptake depth.  

 

 

 

 

 

 



101 

 

 

Figure 4.7 

Isotopic composition of soil water and xylem water collected within the Group Select, Diversity Thin, 

and Control treatments. The boxes extend from the Q1 to the Q3 quartile values with a line at the 
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median value. Colors of box plots correspond to sample type. The LMWL is shown in blue, and the 

soil-xylem water trendline is shown in red.  

Isotopic compositions of soil and xylem water grouped by focal tree are shown in Figure 

4.8, where focal tree refers to an individual tree from which we collected stem core 

samples and adjacent soil samples. Xylem water and soil water collected at the same 

focal tree commonly have different isotopic signatures beyond the accuracy of the cavity 

ring-down spectrometer (0.1 and 1‰ for δ18O and δ2H, respectively). Although soil 

samples were collected within 2 meters of each focal tree with intent to limit spatial 

variability, differences between xylem and soil water compositions sampled at the same 

focal tree may arise for a few reasons. First, the isotopic composition of xylem water is a 

mixture of different water sources within the root zone (Xu et al., 2019), and thus, may 

differ from the isotopic composition of soil water at the location sampled. Second, 

twisting plant vessels within the stem have been found in many tree species 

(Zimmermann et al., 1971), which implies xylem conduits within the trunk of a tree may 

not be linked to roots immediately below. Finally, there is evidence that water uptake is 

not homogeneous (Volkmann et al., 2016) due to variations in the connectivity of xylem 

conduits to different root segments (Nadezhdina, 2010).  

 

 

 

 

 

 



103 

 

 

Figure 4.8 

δ18O and δ2H in xylem and soil water grouped by focal tree. The letters GT, DT, and CT correspond 

to focal trees in the Group Select, Diversity Thin, and Control, respectively. The LMWL is shown in 

blue, and the soil-xylem water trendline is shown in red. Deep soil samples were not collected for 

GT4 and DT4 during the June sample campaign due to logistical constraints. One shallow and one 

deep soil water sample from CT5 have identical isotopic compositions.  
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4.4 DISCUSSION 

4.4.1 δ18O and δ2H of Precipitation   

Isotopic analysis of precipitation collected at Manzanita Lake illustrates that δ2H and 

δ18O values vary seasonally and within individual storm events. The time series shows 

δ2H generally follows a sinusoidal seasonal cycle, where winter precipitation is 

isotopically depleted relative to fall and spring precipitation (Figure 4.3). This pattern 

reflects seasonal changes in air temperature and relative humidity, as well as shifts in 

moisture sources, air mass trajectories, and cloud processes (Craig & Gordon, 1965; 

Rozanski et al., 1993). 

 

The isotopic signature of groundwater commonly falls along the meteoric water line. For 

instance, a meta-analysis of 47 globally distributed isotopic data sets revealed that 

headwater streams and groundwater plot approximately along the GMWL (Evaristo et al., 

2015). The similarity of the weighted average of δ18O in precipitation over the 2019 

water year (13.5 ‰) and the δ18O in groundwater discharge at Big Springs (13.4 ‰; Rose 

et al., 1996) implies two characteristics of groundwater recharge in the upper Hat Creek 

watershed. First, the resemblance in δ18O signatures implies that precipitation that 

infiltrates to recharge the aquifer is well mixed in years of above-average precipitation, 

such as the 2019 water year. Second, the likeness of δ18O signals in precipitation and 

groundwater suggests the aquifer is recharged primarily at an average elevation close to 

that of Manzanita Lake (1790 masl), as postulated by Rose et al. (1996). However, a 

subsequent catchment analysis indicates a greater recharge area than that proposed by 
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Rose et al. (1996) is needed to balance outflows at Hat Creek near Old Station (Appendix 

B). Our catchment analysis demonstrates the streamflow flowing out of the Upper Hat 

Creek catchment could plausibly be balanced by a recharge rate of ~ 40% (Appendix B). 

 

4.4.2 δ18O and δ2H of Soil and Xylem Water 

The soil water δ2H and δ18O data demonstrate that soil evaporation varies with depth and 

primarily occurs between June and September at the Ashpan study site. Shallow soil 

water is enriched relative to deep soil water, as a result of greater evaporation in shallow 

soils compared to deep soils, consistent with previous research that revealed an 

exponential decrease in evaporation with depth (Allison & Barnes, 1983). Overall, 

shallow and deep soil water collected in September is enriched relative to soil water 

collected in April and June. The timing of this enrichment suggests that soil evaporation 

takes place mainly during July, August, and September when daily vapor pressure 

deficits are at annual maximums (see section 2.3.4, Figure 2.6a).  

 

The δ2H and δ18O in xylem water show that water source depth shifted towards deeper 

soil water from June to September. In June, xylem water has δ2H and δ18O values that are 

depleted relative to shallow soil water but plot proximal to deep soil water in dual-isotope 

space, suggesting the trees were sourcing water from a mean depth of 50 cm to 100 cm in 

mid-summer months. In September, xylem water has isotopic compositions that were 

depleted relative to shallow and deep soil water, suggesting the trees were sourcing water 

from deeper than 100 cm. This shift in water uptake depth in response to annual soil 

moisture recession displays the plasticity of water use in ponderosa pine. Our results 
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agree with a previous investigation of ponderosa pine water source depth on Nebraska 

National Forest, which found that ponderosa pine sourced water from 0.05 – 0.5 m and 

0.5 – 0.9 m depth throughout the growing season and shifted water source to below 0.9m 

in September when soil water content reached minimum values (Eggemeyer et al., 2009).  

 

Soil water and xylem water are isotopically depleted compared to the amount-weighted 

mean of δ2H and δ18O in precipitation, a pattern similar to what others have observed 

(Allen et al., 2019; Hu et al. 2009; Brooks et al., 2010; Sprenger et al., 2019). However, 

the mechanisms for this separation are still debated. Brooks et al. (2010) postulated that 

immobile soil water removed via transpiration during the dry season is recharged by the 

first wet up phase of the wet season. However, other have argued that the separation of 

soil and plant water from groundwater and stream water is not the result of limited or 

nonexistent mixing of mobile and immobile waters (Vargas et al., 2017) but are instead 

driven by spatiotemporal evaporative enrichment dynamics during drying and rewetting 

cycles (Dubbert et al., 2019). Similar to the findings of Allen et al. (2019), we observe 

winter isotopic signatures in our mid-summer and late summer xylem water, which 

implies that rainfall during the growing season may minimally recharge soil water 

storages. Our results indicate that the first wetting precipitation of the 2019 water year 

was isotopically heavier compared to soil water collected in any sampling campaign 

(Figure 4.3, Figure 4.5) and may support alternative explanations.  

 

Soil water at the Ashpan site likely evolves from multiple sources with a range of 

compositions, rather than a single source. If soil water evolves from a single source water 
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composition, the intersection of the soil and xylem water trend line and the LMWL (-

147‰, -20.0‰) will represent the original composition of soil and xylem water. 

Although we observed precipitation signatures near this value in early February 2019 

(Figure 4.3), it is unlikely that soil water was fractionated up to 7.0 ‰ δ18O by our first 

sampling campaign in April 2019. Furthermore, a storm event of approximately 300 mm 

with uniform composition would have to occur every year to completely replace all soil 

water in the first 100 cm of soil. The times series of daily precipitation amounts and the 

δ2H composition indicates a storm of this magnitude with uniform composition is very 

unlikely. Thus, a single source fractionation model is not plausible, meaning soil water 

evolves from multiple sources with variable isotopic composition.  

 

The isotopic composition of a water sample reflects the collective effects of source 

variation, mixing, and fractionation , hence, another explanation may be that soil water at 

the Ashpan study site evolves from multiple source compositions. The δ2H and δ18O in 

precipitation varied widely in the 2019 water year (Figure 4.2), which, as Benettin et al. 

(2018) suggested, results in a relatively steep slope of the soil and xylem water trendline 

which is similar to the slope of the LMWL (Figure 4.4).  

 

The cryogenic vacuum extraction (CVE) method employed here may have introduced 

errors or biased the δ2H and δ18O of soil and xylem waters. Several studies have 

demonstrated fractionation of soil and xylem water through cryogenic vacuum extraction 

(Koeniger et al., 2011; Millar et al., 2018; Natalie Orlowski et al., 2016) and shown that 

the degree of fractionation can vary with soil organic content, soil clay content, and initial 
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volumetric water content. Based on our methods of evaluating the efficiency of the CVE 

system, the majority of extractions failed to capture 100% of vapors in the cold trap 

(Table 4.2). Since we observed no change in vacuum during any extraction, we can 

assume a constant rate of vapor loss during each extraction. A constant vapor loss would 

reduce the extracted water volume but would not affect the δ2H and δ18O values in the 

extracted water because both heavy and light isotopologues would be lost at equal rates. 

It is possible that the CVE system failed to vaporize all pore waters in a sample, as 

samples were not dried for an additional 24-hours post-extraction. If this were the case, 

the heavier water molecules would remain in the sample media, leading to the overall 

fractionation of the extracted water.  

 

The strong linear correlation of soil and xylem (R2=.95, p << 0.0001), and the similarity 

in the slope of that trendline (6.0) to the LMWL (7.6), suggest that fractionation during 

extraction was likely minimal. If substantial fractionation occurred during CVE, we 

would expect the δ2H and δ18O values of extracted soil and xylem water to deviate farther 

from the LMWL and follow a trendline with a slope in the 2 to 5 range.  

 

4.4.3 Impacts of Forest Management Practices 

Results suggest Group Select and Diversity Thin treatments did not impact root water 

uptake depth. Xylem water samples from trees in each treatment had isotopic signatures 

that were comparable to deep soil water (Figure 4.7). The Group Select treatment likely 

increased soil evaporation, as shallow soil water from this treatment was enriched relative 

to the Control forest and Diversity Thin treatment. Analyses of micrometeorological 
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observations from the treatments indicate higher daily air temperature and vapor pressure 

deficit in the Group Select compared to the Control and Diversity Thin, which would 

explain the greater evaporative enrichment observed in shallow soils of the Group Select.  

 

We acknowledge that our sample pool includes a relatively small number of individuals 

and likely does not represent water uptake characteristics of all ponderosa pine due to 

high spatiotemporal heterogeneity of environmental and physiological factors. Thus, 

future work should sample a greater number of individuals in a variety of vegetation 

management treatments to improve our understanding of root water source depths of 

ponderosa pine and other common tree species.  

 

4.5 CONCLUSIONS 

Our findings imply the mean source water depth of mature ponderosa pine shifted 

towards deeper soil moisture pools between June and September, in agreement with 

previous investigation of ponderosa pine source depth dynamics (Eggemeyer et al., 

2009). Specifically, the trees appear to source water from a mean depth in the 50 – 100 

cm interval in June and from greater than 100 cm in September, when soil moisture is at 

an annual minimum. These source depths align well with previous investigations that 

demonstrate ponderosa pine root systems can extend to a maximum depth of ~170 cm 

soil with similar texture to those at Ashpan (Berndt & Gibbons, 1958). Our results 

suggest that the Group Select and Diversity Thin treatments did not affect mean source 

depth. However, our findings may be due to the physiology of the individual trees and 
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immediate hydraulic properties of the soil rather than the result of root water uptake 

strategies of the species or the forest thinning treatment in which they are located. 

Additionally, our results correspond to a year with above-average precipitation, and 

seasonal dynamics of water uptake depth may be dampened or amplified in wet or dry 

years, as demonstrated by Allen et al. (2019). 

 

Considering the similarity in weighted mean isotopic composition in precipitation and 

groundwater discharge at Big Spring, our simple catchment analysis suggests upper Hat 

Creek can plausibly be recharged at a rate of approximately 400 mm/year. Previous work 

postulated the mean recharge elevation for Big Spring to be 5,900 feet above sea level 

based on the local δ18O – elevation lapse rate and we found the mean elevation of the 

~275 km2 catchment above Big Spring to be 6,000 feet above sea level. A recharge rate 

of approximately 40% of mean annual precipitation in the area is feasible given the area 

is underlain by highly fractured volcanic sediments, and other investigations have 

demonstrated recharge rates of 50% to 75% in similar landscapes in the region (Davisson 

& Rose, 2014).  

 

In general, our results do not support the TWWH in Lassen National Forest. While we do 

observe a separation of mobile and immobile waters , the isotopic composition of soil and 

xylem water present a closer resemblance to mid-winter precipitation rather than the first 

wet up phase at the start of the wet season as proposed by Brooks et al. (2009). However, 

our results agree with the postulation put forth by Brooks et al. (2009) that trees are 

accessing more difficult to access pore spaces at low soil moisture contents. Additionally, 
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the separation of xylem water and groundwater signatures implies that once recharge 

waters percolate below the rooting zone of trees in at the Ashpan study site, there is no 

further interaction between shallow subsurface storage and groundwater storage. Further 

investigation is needed to resolve the recharge mechanism of immobile soil water in 

Lassen National Forest. 

 

Our results suggest that tree water source depth shifts in response to soil moisture 

recession dynamics in soils of 100 cm depth or more. However, forests with shallower 

soil columns may not allow for the same plasticity in root water uptake due to less 

storage capacity. Thus, our results may help forest managers predict the impacts of these 

vegetation management treatments on forest transpiration dynamics based on surveys soil 

depth and textural characteristics. 

 

Ultimately, the sample size reported here is insufficient to project the results to the 

species or forest landscape scale. Therefore, future work should examine more 

individuals and include multiple tree species common to the forests of the region to better 

understand the physiological differences that can influence water uptake sourcing and the 

impacts of changing forest composition and density on transpiration in Lassen National 

Forest. 
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Appendix A 

Table 4.3 Volume of water extracted and mass recovery error for individual soil and xylem water 

samples. Numbers in parentheses in Sample ID refer to sampling campaigns in April (1), June (2), 

and September (3).  

Sample ID 
Depth 

Interval (cm) 
Date 

Distilled 
Mass 

Recovered (ml) 
Mass 

recovered (%) 

CT-5 XW3 Breast height  1/10/2020 1.32 96 

DT-2 XW3 Breast height 1/10/2020 1.09 91 

GT-3 XW3 Breast height 1/10/2020 1.1 96 

GT-4 XW3 Breast height 1/10/2020 1.14 93 

CT-6 XW3 Breast height 1/23/2020 1.15 92 

DT-4 XW3 Breast height 1/23/2020 0.98 84 

DT-2 XW2 Breast height 1/23/2020 0.99 95 

GT-4 XW2 Breast height 1/23/2020 1.16 98 

GT-3 SM50a(3) 0-50 1/24/2020 2.37 100 

GT-3 SM90a(3) 50-90 1/24/2020 1.85 92 

DT-2 SM50a(3) 0-50 1/24/2020 2.14 83 

DT-2 SM100a(3) 50-100 1/24/2020 2.1 93 

DT-4 SM50a(3) 0-50 1/27/2020 1.86 99 

DT-4 SM100a(3) 50-100 1/27/2020 1.8 79 

GT-4 SM50a(3) 0-50 1/27/2020 2.16 98 

GT-4 SM100a(3) 50-100 1/27/2020 2.07 92 

CT-5 SM50a(3) 0-50 1/28/2020 2.9 99 

CT-5 SM100a(3) 50-100 1/28/2020 2.7 98 

CT-6 SM50a(3) 0-50 1/28/2020 1.68 88 

CT-6 SM95a(3) 50-95 1/28/2020 1.6 90 

DT-2 SM50a(2) 0-50 1/29/2020 2.39 100 

DT-2 SM100a(2) 50-100 1/29/2020 3.06 99 

DT-4 SM50a(2) 0-50 1/29/2020 1.68 82 

GT-4 SM50a(2) 0-50 1/29/2020 1.91 95 

CT-5 SM50a(2) 0-50 1/30/2020 2.35 99 

CT-5 SM100a(2) 50-100 1/30/2020 2.58 97 

CT-6 SM50a(2) 0-50 1/30/2020 1.68 95 

CT-6 SM100a(2) 50-100 1/30/2020 1.91 97 

DT-4 XW2 Breast height 1/31/2020 1.42 100 

GT-3 XW2 Breast height 1/31/2020 0.94 94 

CT-5 XW2 Breast height 1/31/2020 1.17 92 

CT-6 XW2 Breast height 1/31/2020 1.24 93 

DT4-SM50a(1) 0-50 2/2/2020 2.06 98 

DT4-SM100a(1) 50-100 2/2/2020 1.54 84 

DT2-SM50a(1) 0-50 2/2/2020 1.77 92 

DT2-SM100a(1) 50-100 2/2/2020 2.42 96 
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GT3-SM50a(2) 0-50 2/3/2020 1.4 99 

GT3-SM100a(2) 50-100 2/3/2020 1.47 90 

GT4-SM50a(1) 0-50 2/3/2020 2.42 94 

GT4-SM100a(1) 50-100 2/3/2020 2.59 100 

DT2-XW1 Breast height 2/4/2020 1.34 93 

DT4-XW1 Breast height 2/4/2020 0.78 74 

GT3-XW1 Breast height 2/4/2020 1.12 89 

GT4-XW1 Breast height 2/4/2020 1.45 97 

GT3-SM50a(1) 0-50 2/5/2020 2.2 100 

GT3-SM100a(1) 50-100 2/5/2020 2.49 92 

CT-6 SM50a(1) 0-50 2/5/2020 2.08 97 

CT-6 SM100a(1) 50-100 2/5/2020 2.66 95 

CT-5 SM50a(1) 0-50 2/6/2020 2.31 91 

CT-5 SM100a(1) 50-100 2/6/2020 2.04 100 

CT5-XW1 Breast height 2/6/2020 1.28 90 

CT6-XW1 Breast height 2/6/2020 0.63 81 
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Appendix B 

Big Spring is a large volume spring in the Hat Creek hydrogeologic system and is one of 

the primary sources of flow in Hat Creek. Big Spring is located on a NNW-trending 

normal fault in the Hat Creek West Fault Zone. An area-flux approach was applied to 

validate a previously proposed recharge area based on δ18O values and a recharge area 

based on upgradient topography. 

 

We estimate catchment outflows from streamflow records for Hat Creek near Old 

Station, CA, approximately 7 kilometers downstream of Big Spring (USGS Gage # 

11355500). In general, Hat Creek is thought to be a gaining channel upstream of the 

USGS gage, and there are serval discrete streambank springs along the channel from Big 

Spring to the gaging station (S. Wheelock, personal communication, July 16th 2020). 

Discharge at Big Spring is estimated to account for roughly one third to two thirds of 

streamflow Hat Creek at the USGS gaging station (S. Wheelock, personal 

communication, July 16th, 2020). The average August-October discharge at the gaging 

station is 126 ft3/s (3.57 m3/s), meaning the annual discharge is approximately 1.12E+08 

m3/year. 

 

By assuming no change in aquifer storage, the recharge area needed to balance the 

estimated annual discharge was calculated using the long-term average precipitation at 

Manzanita Lake, CA (~ 1 m/yr) and hypothesized recharge fractions as follows: 
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𝑅𝑒𝑐ℎ𝑎𝑟𝑔𝑒 𝐴𝑟𝑒𝑎 (𝑘𝑚2)

= (
𝐻𝑎𝑡 𝐶𝑟𝑒𝑒𝑘 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (𝑚3𝑦𝑟−1)

(𝐴𝑣𝑔. 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 (1 𝑚 𝑦𝑟−1) ∗ 𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛)
) ∗

1 𝑘𝑚2

106 𝑚2
 

Because recharge rates are not known for the proposed recharge areas, recharge fractions 

ranging from 0.2 to 0.9 were tested (Table 1). Recharge estimates may be affected by 

variable precipitation amounts. 

 

The catchment area above the Big Spring is approximately 275 km2, as determined by 

tracing topographic divides in Google Maps and calculating the polygon area in Google 

Earth (Figure 1). The average elevation within the 275km2 area was estimated to be 1830 

m (~6000’) using a 30-m resolution digital elevation model. Previous research proposed a 

recharge area of approximately 125 km2 area southeast of Crater Peak (Rose et al., 1996), 

including a 78 km2 closed basin (Figure 1).  

 

The amount-weighted mean δ18O in precipitation collected at Manzanita Lake during the 

2019 water year was 13.5‰, and the δ18O in groundwater discharge at Big Springs is 

13.4‰ (Rose et al., 1996). The similarity of δ18O compositions suggests that Big Spring 

is recharged at an average elevation close to 1790 m (5900’). Rose et al. (1996) employed 

the local δ18O-elevation relationship, and an assumed north-south δ18O gradient between 

Burney Mountain and Manzanita Lake to infer recharge is primarily in the ~125 km2 area 

southeast of Crater Peak. 
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Results show a recharge rate of 0.9 m/yr across the 125 km2 recharge area would be 

needed to balance discharge in Hat Creek at the USGS gaging station near Old Station. A 

0.9 m/yr recharge rate is unlikely in this forested catchment, implying a larger area 

recharges outflows. A recharge fraction of 0.4 corresponds to a recharge area of 281 km2, 

nearly equal to the drainage area above Big Springs (275 km2; Figure 1). A recharge 

fraction of 0.4 may be plausible given the catchment is underlain by highly fractured 

Pleistocene and recent andesite, basalt, and basaltic andesite lava flows (Clynne and 

Muffler, 2010). Furthermore, studies of similar hydrogeologic systems in the region have 

reported recharge fractions of 0.5 to 0.75 (Davisson and Rose, 2014). Recent lava flows 

such as the andesite of Devil’s Rock Garden, and basalt and basaltic andesite flows 

surrounding Bear Wallow Butte are sparsely vegetated and likely have higher recharge 

rates than the surrounding forested area. Quaternary normal faults extending to the 

northwest of the upper Hat Creek Catchment may act as preferential flow paths for 

recharge, extending the recharge area beyond the topographic catchment (figure 1). 

recharge estimates may be affected by variable precipitation amounts.  
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Table 4.4 Recharge areas needed to balance outflow in Hat Creek based on recharge fraction and 

estimated recharge volumes for proposed recharge areas.  

Recharge 

fraction 

(-) 

0.2 0.3 0.4 0.5 0.6 0.7 0.9 

78 km2 

Closed 

Basin 

(m3/yr) 

1.6E+07 2.3E+07 3.1E+07 3.9E+07 4.7E+07 5.5E+07 7.0E+07 

125 km2 

area 

(m3/yr) 

2.5E+07 3.8E+07 5.0E+07 6.3E+07 7.5E+07 8.8E+07 1.1E+08 

275 km2 

area 

(m3/yr) 

5.5E+07 8.3E+07 1.1E+08 1.4E+08 1.7E+08 1.9E+08 2.5E+08 
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Figure 4.9 

Overview of the Upper Hat Creek drainage area. The full extent of the 275 km2 catchment is shown 

in orange. The lower extent of the 78 km2 closed basin is shown in light blue. The estimated southern 

extent of the 125 km2 recharge area proposed by Rose et al. (1996) is shown in dark blue. The flags 

illustrate the location of Big Spring (blue) and the USGS gaging station (green). Faults are shown in 

dark grey where well-constrained and light grey where inferred or concealed.  

References: 

Clynne, M.A., and Muffler, L.J.P., (2010) Geologic map of Lassen Volcanic National 

Park and vicinity, California: U.S. Geological Survey Scientific Investigations Map 

2899, scale 1:50,000. 

Davisson, M. L., & Rose, T. P. (2014). Recharge and Flow in the Medicine Lake 

Volcano–Fall River Springs Groundwater Basin, California. Environmental 

Forensics, 15(1), 66–77. https://doi.org/10.1080/15275922.2013.873097 

Rose, T. P., Davisson, M. L., & Criss, R. E. (1996). Isotope hydrology of voluminous 

cold springs in fractured rock from an active volcanic region, northeastern 

California. Journal of Hydrology, 179(1–4), 207–236. https://doi.org/10.1016/0022-

1694(95)02832-3 

https://doi.org/10.1016/0022-1694(95)02832-3
https://doi.org/10.1016/0022-1694(95)02832-3
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5.1 CONCLUSIONS 

The results of this study demonstrate how forest management practices impact 

ecohydrological processes that occur within the soil-tree-atmosphere continuum.  

 

In the first chapter of this study, four years of micrometeorological observations were 

used to evaluate the impacts of vegetation management treatments on understory 

microclimate in Lassen National Forest. In general, The Group Select treatment produced 

more dramatic impacts to understory microclimate than did the Diversity Thin treatment. 

The Group Select markedly increased shortwave radiation flux and wind speeds and 

expanded the diurnal range of air temperature and VPD relative to the Control. The 

Diversity Thin treatment expanded the diurnal ranges of air temperature and VPD, 

increased wind speeds, and increased shortwave radiation flux when sun angles are low, 

compared to the Control. Overall, the most influential impact to understory microclimate 

by the treatments examined here are the changes to shortwave and longwave radiation 

fluxes, which drive the differences in diurnal air temperature and vapor pressure deficit 

dynamics we report here. Our results suggest that when used in proximity, Group Select 

and Diversity treatments increase spatial variability of understory microclimate, which is 

beneficial to many ecosystem functions and processes in mixed-conifer forests of the 

Sierra Nevada (Ma et al., 2010). The second chapter of this study investigates the impacts 

of vegetation management treatments on the foundational ecosystem process in all 

forests, annual tree growth. 
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In the second chapter of this study, stem cores and dendrochronological methods are 

employed to better understand how vegetation management treatments impact radial tree 

growth in Lassen National Forest. Results indicate that Group Select and Diversity Thin 

treatments result in increased radial tree growth due to greater summer soil moisture 

availability, though the magnitude of this response varied between treatment and 

individuals. Overall, The Group Select treatment prompted growth rates 2 to 3 times 

higher than before the treatment, whereas the Diversity Thin resulted in growth rates 1.5 

to 2 times higher than the 9-year mean pretreatment growth. Growth releases in both 

treatments initiated 1-2 years following the treatments and were sustained during a 

moderate to severe multiyear drought with above-average annual temperatures, 

suggesting the treatments increased drought resistance. Our results indicate annual 

growth of ponderosa pine in Lassen National Forest is positively correlated to winter-

spring air temperature, fall-winter precipitation, and fall streamflow, while annual growth 

negatively correlates to summer air temperature. Our results indicate annual tree growth 

and streamflow are significantly correlated, likely because of the high storage, high 

permeability, and large discharge volumes within the hydrogeologic system in the upper 

Hat Creek catchment. Though we found significant correlations to each hydroclimatic 

variable, our results suggest that winter and spring air temperature is the primary growth-

limiting factor following the thinning treatments. With climate models for the region 

projecting increasing temperatures throughout coming decades (Dettinger et al., 2018), 

and previous work demonstrating increased growth responsiveness in thinned forests 

relative to unthinned forests (Guillemot et al., 2015; Sánchez-Salguero et al., 2015), we 

expect that the vegetation management treatments studied here will promote forest 
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productivity in Lassen National Forest under climate warming scenarios. However, 

because summer soil moisture availability is significant factor controlling tree growth, the 

third chapter of this study used a dual stable isotope approach to investigate seasonal 

patterns of source water depth and the impact forest density modifications (forest 

thinning) on these patterns in Lassen National Forest. 

 

In Chapter 3 of this study, we use deuterium and 18O to investigate seasonal changes in 

source water depth of ponderosa pine during the 2019 water year. In terms of water 

source depth, our results suggest that during mid-summer months (June-July) the trees 

were sourcing soil moisture from 50 – 100 cm, then shifted their source water depth to 

below 100 cm as soil moisture reached annual minimums in September. Regarding the 

impacts of the treatments on soil moisture dynamics, our results suggest that the Group 

Select treatment may have increased soil evaporation compared to the Diversity Thin and 

unthinned stand, consistent with our results showing higher daily maximum VPD in 

chapter 1. However, we did not find evidence that the vegetation management treatments 

impacted source water depth. Still, our results may assist forest managers in predicting 

the local impacts of the treatments on tree water source depth plasticity and resilience to 

drought based on surveys of soil depth and textural characteristics. Our results 

correspond to a year with above-average precipitation, and seasonal dynamics of water 

uptake depth may be amplified in dry years. Nevertheless, our results may support more 

accurate modeling and forecasting of species dynamics and the effects of climate change 

on ecosystem processes.  
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In the context of the TWWH, our results show a separation of soil and xylem water from 

precipitation and groundwater, as many others have observed. However, our results do 

not support the notion that immobile soil waters are recharged by the first wet up by fall 

precipitation. Our results may support alternative explanations (spatiotemporal 

evaporative enrichment dynamics) for the observed offset between mobile and immobile 

waters, yet do not explicitly do so. Thus, further investigation is needed to resolve the 

recharge mechanisms and timing of immobile soil water recharge in Lassen National 

Forest. 

 

Our results indicate that the amount-weighted mean isotopic composition in precipitation 

is nearly identical that of groundwater discharge at Big Spring, a nearby voluminous cold 

spring. Previous investigations postulated Big Spring may be recharged in a 125 km2  area 

southeast of Crater Peak (Rose et al., 1996). Our simple catchment analysis demonstrates 

that under average precipitation (1054 mm/year), a 125 km2 area is insufficient to balance 

Bis Spring discharge and that Big Spring may feasibly be recharged over the 275 km2 

area upslope from the discharge location, at an approximate recharge fraction of 0.4. 

Although higher than average, a recharge fraction of 0.4 is plausible for this area given 

that it is underlain by highly fractured Pleistocene and recent andesite, basalt, and basaltic 

andesite lava flows (Clynne and Muffler, 2010), and investigations of similar 

hydrogeologic systems in the region have reported recharge fractions of 0.5 to 0.75 

(Davisson and Rose, 2014). 

 



130 

 

Ultimately, the results of our study emphasize the value of combining continuous 

observations, annual records of tree growth, and the use of stable isotope techniques to 

evaluate changes in forest water use, forest productivity, and forest health within a 

specific forested landscape. Future research should consider how physiological 

differences between species and the effects of climate change may intensify or dampen 

the impacts of forest management practices observed here in order to inform management 

decisions in mixed-conifer forests best. 
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Appendix C 

Table 5.1 – Mean monthly values of daily micrometeorological data. 

Month Treatment 

Shortwave 

Radiation 

(MJ/day/m2) 

Wind 

Speed 

(m/s) 

Avg 

Temp 

(C)  

Min 

Temp 

(C)  

Max 

Temp 

(C)  

Avg 

VPD 

(kPa) 

Min 

VPD 

(kPa) 

Max 

VPD 

(kPa) 

1 Group Select 4.59 1.58 0.62 -3.50 5.62 0.15 0.01 0.36 

2 Group Select 6.41 2.15 2.83 -1.65 7.07 0.23 0.02 0.49 

3 Group Select 10.43 1.61 5.12 -0.86 10.55 0.32 0.02 0.74 

4 Group Select 13.41 1.64 6.66 -0.21 12.71 0.41 0.01 0.93 

5 Group Select 16.12 1.54 10.36 2.54 17.17 0.58 0.03 1.31 

6 Group Select 16.20 1.45 15.89 6.24 23.49 1.03 0.10 2.14 

7 Group Select 18.07 1.48 17.56 7.79 26.90 1.18 0.16 2.60 

8 Group Select 14.86 1.55 17.10 7.46 26.81 1.19 0.19 2.64 

9 Group Select 11.72 1.44 13.54 4.76 22.82 0.96 0.18 2.15 

10 Group Select 9.42 1.64 8.92 1.79 16.90 0.54 0.06 1.31 

11 Group Select 4.70 1.67 3.20 0.16 7.40 0.15 0.01 0.36 

12 Group Select 3.89 1.67 -0.15 -3.72 5.35 0.15 0.01 0.36 

1 Diversity Thin 2.14 1.60 0.58 -3.47 6.22 0.14 0.01 0.41 

2 Diversity Thin 2.53 1.87 2.59 -1.85 7.29 0.19 0.02 0.47 

3 Diversity Thin 3.21 1.68 4.10 -1.17 9.31 0.24 0.01 0.60 

4 Diversity Thin 4.21 1.57 5.73 -0.68 11.74 0.33 0.01 0.81 

5 Diversity Thin 5.62 1.44 9.78 2.29 16.12 0.51 0.04 1.14 

6 Diversity Thin 5.51 1.33 15.26 6.04 22.86 0.92 0.10 1.95 

7 Diversity Thin 5.90 1.29 17.20 7.75 25.93 1.08 0.16 2.33 

8 Diversity Thin 4.96 1.31 16.63 7.32 25.76 1.07 0.18 2.34 

9 Diversity Thin 3.11 1.37 13.04 4.62 21.79 0.85 0.17 1.90 

10 Diversity Thin 3.14 1.61 8.39 1.48 15.88 0.45 0.05 1.15 

11 Diversity Thin 2.18 1.55 2.70 -0.67 6.64 0.12 0.00 0.32 

12 Diversity Thin 1.73 1.67 -1.28 -4.05 3.90 0.10 0.01 0.26 

1 Control  1.16 0.85 0.10 -3.53 4.69 0.17 0.04 0.35 

2 Control  2.39 0.93 2.81 -1.41 7.02 0.24 0.07 0.47 

3 Control  4.51 0.89 4.36 -0.78 9.47 0.29 0.05 0.61 

4 Control  6.81 0.76 5.76 -0.07 12.08 0.36 0.06 0.82 

5 Control  7.40 0.71 10.23 3.21 16.93 0.54 0.09 1.19 

6 Control  6.09 0.63 15.39 7.35 23.44 0.96 0.21 2.01 

7 Control  6.73 0.61 17.72 9.19 26.83 1.12 0.25 2.42 

8 Control  5.92 0.63 17.36 9.10 27.17 1.16 0.33 2.57 

9 Control  5.12 0.67 14.07 6.94 22.26 0.97 0.33 1.96 

10 Control  2.76 0.79 8.36 2.43 15.39 0.46 0.11 1.08 

11 Control  1.11 0.76 2.00 -1.74 5.97 0.22 0.10 0.38 

12 Control  0.78 0.86 -0.75 -4.26 3.43 0.16 0.07 0.28 
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Table 5.2 - Basal Area Increment (BAI; mm2) data for each core. The Letters “C”,”D”, and 

“G” at the start of each header correspond to trees in the Control, Diversity Thin, and 

Group Select, respectively.  

Year CT1A CT1I CT2A CT2I CT3A CT3I CT4A CT4I 

1891 250.2 NA 2327.3 1818.8 1466.1 1262.5 307.9 NA 

1892 307.3 NA 3283.3 3566.4 1564.9 1079.8 392.2 NA 

1893 279.1 NA 3230.7 3177.9 1565.3 1241.7 398.9 NA 

1894 349.5 NA 4112.9 3664.3 1956.7 1308.2 598.0 NA 

1895 381.5 NA 3641.7 3617.9 2117.4 1339.8 439.2 NA 

1896 480.3 NA 3590.9 4069.6 1592.1 1788.9 451.1 NA 

1897 624.3 NA 3313.3 3132.2 1503.1 1549.5 581.4 NA 

1898 559.5 NA 2782.8 2554.5 1401.0 2013.6 574.1 NA 

1899 333.4 NA 3474.8 3155.8 1443.7 1492.8 629.1 NA 

1900 470.5 NA 5113.8 4448.8 2206.0 2121.5 635.3 NA 

1901 474.5 NA 4385.3 3408.9 1588.9 1845.2 639.2 NA 

1902 465.3 NA 4801.7 3000.6 1380.2 1318.8 581.2 NA 

1903 346.2 NA 4060.9 3369.8 1248.0 1319.9 960.2 784.1 

1904 571.2 NA 4267.2 3518.9 1185.0 1492.9 905.1 969.1 

1905 731.2 NA 4076.8 3173.4 1819.2 1854.7 692.0 816.3 

1906 466.1 NA 4284.6 4250.7 1954.6 1637.4 1005.5 962.2 

1907 505.3 NA 5586.9 4500.8 2008.4 1893.7 908.8 1005.6 

1908 437.0 NA 4260.8 5167.4 1847.3 2041.5 1004.4 1208.0 

1909 495.1 NA 3514.2 3125.0 1626.2 1168.0 1033.9 1156.1 

1910 560.3 NA 4008.8 3922.6 2047.1 1390.2 1095.8 888.1 

1911 553.9 NA 3494.9 3522.7 1746.7 1163.0 862.0 794.3 

1912 717.5 NA 3605.1 3327.4 1953.0 1453.2 1158.6 1070.1 

1913 546.7 NA 4154.5 4628.3 2074.2 1453.5 1378.0 1319.4 

1914 538.5 NA 3903.9 3828.7 2358.9 2040.3 1124.8 1037.4 

1915 514.1 NA 3944.6 3987.2 1888.0 2218.7 1381.2 1342.9 

1916 589.0 NA 3911.5 4195.2 2301.9 2164.2 1128.7 1225.6 

1917 537.9 NA 3482.0 3308.3 1984.2 1512.8 1166.7 1080.5 

1918 576.9 NA 3544.2 3153.0 1811.9 1731.0 1368.3 1137.8 

1919 782.2 NA 2486.1 3788.4 2210.5 1791.7 999.1 1432.1 

1920 643.9 NA 3041.5 2984.2 1759.7 1409.2 1174.5 1180.3 

1921 799.8 NA 3126.0 3163.1 1907.2 2278.6 1452.4 1449.8 

1922 651.2 NA 2683.7 3271.0 1443.6 1659.0 1038.3 1194.0 

1923 1009.7 734.7 3471.8 3891.6 2516.4 2067.1 1216.1 1212.1 

1924 844.1 667.6 2624.3 3614.0 1954.4 2340.4 756.3 982.8 

1925 790.6 812.5 3163.2 4364.8 1705.5 1532.7 1114.2 1296.5 

1926 1065.0 1021.6 3961.5 4434.1 2160.9 2120.7 871.0 1017.0 

1927 996.8 809.1 2292.4 3487.6 1578.5 1978.0 976.6 1180.0 

1928 987.7 843.8 3601.7 4022.4 2231.3 1556.5 1148.0 1510.2 

1929 733.3 687.6 1690.2 2341.6 1757.2 1440.7 851.8 1090.4 

1930 942.9 984.0 3722.9 4298.9 1495.0 2538.0 1171.7 1512.8 
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1931 837.7 719.0 3426.4 3588.3 2619.7 2396.9 1053.0 1104.1 

1932 674.9 534.1 2557.7 2895.0 2259.8 2380.3 1350.2 1520.7 

1933 741.9 673.0 1656.8 2372.5 1370.0 2219.3 1209.6 1034.4 

1934 865.1 710.1 2282.2 4355.6 2020.5 2198.2 1114.5 1334.2 

1935 717.4 589.0 2313.1 1701.7 1588.9 2520.7 969.8 890.3 

1936 1106.4 1396.3 2604.9 2774.4 1285.6 2811.3 1293.9 1361.6 

1937 1235.7 1260.8 1853.3 3139.7 1700.2 2366.4 1164.6 1104.6 

1938 1355.8 1828.9 3165.8 3559.6 2259.3 2467.5 1344.0 1296.3 

1939 1459.0 1581.0 2413.2 2671.2 1750.6 2639.4 1258.9 1398.0 

1940 1365.3 1204.5 2260.6 3890.5 1983.3 1791.0 1460.5 1644.2 

1941 1833.6 1907.9 3083.0 3102.0 2598.9 2985.4 1776.8 1998.4 

1942 2336.8 1914.8 2668.3 3604.5 3243.7 3465.6 1723.2 1847.4 

1943 1973.2 2307.4 3178.6 3668.8 3133.8 3689.4 1631.7 1707.2 

1944 1972.3 1675.1 2841.8 3158.3 2774.3 2392.1 1569.4 1570.0 

1945 1903.1 1944.8 2795.7 3796.9 2506.7 2728.4 1677.7 1550.2 

1946 1828.2 1766.3 3283.8 3047.0 2320.4 3497.0 1763.2 1968.9 

1947 1858.6 1879.2 3320.1 4031.9 3222.0 3666.4 1833.4 1550.0 

1948 1577.9 1710.0 2872.7 3967.1 2804.9 2182.8 1614.8 1889.4 

1949 1914.5 1695.2 2179.5 2121.6 1867.4 939.6 1975.4 2360.1 

1950 1740.1 1223.4 2615.4 2391.6 2027.8 1436.6 1538.0 2012.7 

1951 1845.7 2004.2 3297.8 4397.7 3162.0 3223.3 1970.5 2416.0 

1952 2533.1 1870.7 2384.6 2914.6 2576.9 1972.1 1921.6 2327.1 

1953 2384.9 1742.4 2443.8 2573.1 2394.6 2181.6 1850.2 2432.8 

1954 2378.8 2296.5 3048.3 3978.3 2580.4 2209.8 2187.9 2541.5 

1955 1752.5 1658.2 2373.3 3073.7 2426.2 1573.2 1920.3 1919.1 

1956 2575.1 1859.2 2487.5 2648.8 2504.3 2014.5 1944.0 1950.1 

1957 2619.2 2052.2 2794.4 3713.1 1904.6 2713.0 2642.4 2135.6 

1958 2632.9 1658.4 2636.0 3997.2 2437.3 2621.7 2674.5 2516.2 

1959 1844.1 890.1 2531.6 2781.6 1287.9 1056.7 2062.5 2446.9 

1960 2290.0 1255.6 2978.6 3965.4 1308.0 1059.6 897.4 1121.1 

1961 3970.4 1836.6 3678.2 4913.5 1584.9 1713.9 838.1 284.1 

1962 4865.5 3516.9 3078.3 3277.7 2945.8 2008.8 0.0 706.2 

1963 4624.9 4837.8 5482.3 5861.2 3830.0 3660.4 1623.7 1431.1 

1964 5101.4 3497.3 3771.0 5026.5 2846.2 2896.6 3345.5 2368.3 

1965 5370.1 4766.6 3810.5 3427.5 3427.4 2835.0 3739.3 3395.3 

1966 5432.6 3876.2 3597.0 4248.8 3771.4 3315.0 2860.3 3304.5 

1967 2856.8 2996.3 2478.9 2494.5 1772.2 1419.1 2992.9 2346.8 

1968 4971.7 3601.5 2822.8 4102.9 2301.0 2719.1 3117.8 2688.6 

1969 4377.4 4033.5 3877.5 4257.5 3312.4 3137.8 2904.1 2360.7 

1970 5395.3 3999.6 3121.9 3705.2 1835.5 1947.2 3229.5 2458.8 

1971 5823.7 4604.8 2161.4 3460.4 2407.4 2801.2 3130.5 2697.8 

1972 4402.9 4234.6 3049.1 3783.0 3194.8 2580.1 2424.7 2612.1 

1973 3683.2 3659.0 2255.8 2537.7 2020.8 1585.8 2041.7 1970.2 
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1974 2933.6 3732.6 2116.6 2800.1 1855.6 2449.0 2183.6 2049.8 

1975 3142.8 4050.5 2292.1 2691.5 1984.9 2565.4 2039.7 1583.5 

1976 3567.6 4431.4 2497.2 2811.9 2641.7 2857.2 2919.2 1907.3 

1977 2886.6 3364.4 2041.5 2299.9 2127.2 2821.9 2490.3 1670.0 

1978 5607.6 5421.0 2736.5 2938.2 3518.4 3242.7 3930.0 1879.3 

1979 4273.1 4905.7 2626.6 3147.1 3203.9 3016.4 2459.5 1424.4 

1980 5333.1 6693.9 2631.8 3415.3 3314.1 3017.0 2720.4 975.9 

1981 3975.5 5429.5 2898.1 2930.2 2684.9 3053.0 2867.7 1302.0 

1982 5568.0 5892.6 3456.9 3286.0 3243.9 3287.6 3086.4 3233.2 

1983 4589.9 6604.3 4720.4 3206.5 3282.3 3218.0 3078.3 3310.3 

1984 5848.1 7265.7 3741.4 3155.6 3413.1 3475.2 3221.1 3639.3 

1985 5461.7 7010.0 3487.5 2195.7 2879.4 3204.2 1846.1 3190.2 

1986 6518.6 9142.4 3643.5 3226.7 5355.9 4370.0 2235.6 3635.1 

1987 4859.8 6869.7 3092.8 2469.1 4088.8 3137.7 1927.0 2742.8 

1988 4274.0 6805.8 2036.2 2149.4 3872.2 3062.1 2080.8 2664.7 

1989 4067.6 5002.5 2216.6 2418.4 5369.8 3945.6 1922.9 2846.6 

1990 4189.4 6393.6 3465.0 3132.5 6057.3 5018.5 2221.9 2679.6 

1991 3028.7 4175.3 2433.6 2220.6 3800.4 3089.7 1484.8 1768.5 

1992 3525.2 4365.5 2675.9 2283.5 5372.9 4453.4 2669.1 2387.0 

1993 3141.1 5179.6 2353.0 2168.4 3621.5 3827.5 2499.6 2463.2 

1994 3196.9 4715.3 2177.8 1784.7 2849.1 2721.2 1868.3 1140.3 

1995 3566.0 5346.4 2569.9 1876.4 3121.1 2811.8 2383.1 1898.5 

1996 4960.0 7787.5 3353.8 2535.6 4580.2 3552.7 2563.9 1954.1 

1997 5028.4 5603.0 3061.3 2510.2 4835.6 4326.1 3276.3 1979.8 

1998 4613.9 5578.3 2435.7 2125.2 4159.1 3837.5 3062.5 1883.0 

1999 4367.2 5424.6 2530.2 2278.4 3837.4 3981.3 2581.9 2015.9 

2000 5771.2 4591.8 1538.4 2101.7 4477.5 3945.6 2661.6 1809.6 

2001 2432.6 2548.2 1388.9 1412.9 2498.1 2387.1 1516.0 1164.5 

2002 4159.0 3974.1 1420.5 1594.9 2714.9 2762.0 2316.6 1620.6 

2003 5234.6 4355.7 2087.9 2380.6 2642.3 4021.5 2299.1 2160.9 

2004 5341.1 4465.4 1272.4 2022.0 3259.6 3839.9 1934.2 1715.3 

2005 3494.3 3974.5 1212.8 1631.8 3274.9 3986.2 2339.9 1802.0 

2006 3954.4 2980.5 1031.7 1966.6 3078.8 3655.5 2162.3 2001.1 

2007 3904.8 3167.3 1093.2 1514.6 21.1 3465.6 1853.5 1387.6 

2008 2752.8 2687.9 1398.0 1303.8 2328.6 2726.1 1556.4 1536.6 

2009 2843.2 2662.0 912.5 1213.9 1294.6 1935.7 1417.1 1317.1 

2010 4827.4 3890.1 1522.0 1609.9 2404.3 3315.5 2151.0 1805.8 

2011 5181.3 4285.4 2408.0 1916.0 3439.5 3990.6 2586.1 3130.3 

2012 4410.8 4570.9 1373.4 1857.5 2875.1 2964.8 2175.4 2170.8 

2013 4362.0 5059.8 1710.9 1798.8 2131.4 2633.6 2071.2 2543.9 

2014 3929.5 5201.0 2049.6 2167.6 2851.4 2944.6 2064.6 3022.8 

2015 5290.4 6491.4 2267.0 2262.6 2297.7 4493.1 2557.1 2443.4 

2016 3945.1 5378.7 1932.7 2419.2 2827.6 3191.8 2069.8 1335.5 
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2017 3333.0 5095.7 982.6 2269.7 2138.6 2353.7 2197.1 2178.7 

2018 4153.6 4908.2 1875.0 2426.8 2758.5 3390.8 2224.8 2290.6 

2019 3577.7 4051.9 1538.6 2122.8 2064.4 2327.5 1845.4 2132.6 

Year CT5A CT5I CT6A CT6I CT7A CT7B CT8A CT8B 

1891 570.6 1239.9 2666.1 3173.2 2185.3 4053.2 1096.7 269.4 

1892 846.0 770.8 3509.6 3245.7 2197.6 4236.9 1053.3 294.2 

1893 1011.5 1398.1 3362.8 2613.7 3589.5 4706.5 1193.9 316.0 

1894 789.6 1309.1 2935.0 2740.3 4199.2 4542.8 1406.9 421.3 

1895 993.6 917.1 3185.8 3026.9 6078.9 3110.8 1085.0 348.2 

1896 1073.5 1635.8 4356.1 3531.3 4452.9 3858.1 1232.0 418.3 

1897 1128.8 1173.9 3776.4 4193.3 4931.9 2954.0 1169.2 579.3 

1898 1006.2 1400.7 2858.1 2601.1 4903.5 2551.0 1473.5 503.7 

1899 805.2 1128.0 2564.8 1880.0 4056.7 2140.4 1272.9 490.3 

1900 1450.5 1090.1 3635.9 3237.0 5499.6 2282.9 1460.1 574.0 

1901 1096.4 1023.7 4503.8 3914.5 4210.8 3140.2 1522.4 769.7 

1902 1191.8 1379.5 3468.8 2602.3 5035.8 3480.4 1491.0 804.2 

1903 923.4 890.0 2447.0 2574.1 3409.9 2128.3 1292.2 622.2 

1904 717.5 963.5 3070.8 2932.8 3700.0 2915.5 1337.4 856.2 

1905 653.9 1165.7 3295.9 3871.7 3441.1 3564.3 1546.0 897.3 

1906 629.2 969.9 3000.6 3552.2 4149.4 3248.7 1545.0 793.1 

1907 828.0 1116.1 4022.4 4458.1 3474.4 5418.6 1464.3 1024.7 

1908 883.3 1393.3 3119.2 5132.2 4357.2 6253.5 2291.9 1157.1 

1909 462.6 807.1 2747.7 3663.9 2900.2 5124.7 1328.2 976.9 

1910 728.5 1460.6 2192.8 2446.4 2878.9 5321.1 1558.4 927.4 

1911 663.9 885.2 2348.9 1912.1 3043.0 4869.3 1510.0 955.2 

1912 678.8 1208.2 2556.0 2654.3 4990.3 6857.3 1682.3 1197.2 

1913 840.7 1520.1 2377.2 4331.6 6989.4 7169.3 2091.7 1062.5 

1914 1017.6 1056.3 1755.2 2201.1 6710.0 5270.0 1660.6 920.2 

1915 805.9 1192.3 1713.4 2335.0 9535.8 4505.6 1917.0 1262.8 

1916 1307.6 974.5 1851.7 2985.6 6876.2 3302.8 1960.3 1280.2 

1917 1110.0 1006.9 2107.2 2171.6 6194.5 2843.4 1275.8 867.7 

1918 1509.4 1069.3 2482.5 2629.0 4565.4 2915.0 1606.7 938.6 

1919 1667.9 998.0 2079.5 3343.4 4537.4 3219.4 1334.4 1116.0 

1920 1415.4 970.9 2106.1 2110.5 3205.3 3236.9 1577.3 1198.8 

1921 1837.5 1228.6 2554.0 1887.5 3732.0 2766.1 1891.5 1348.6 

1922 1249.7 1157.5 1417.6 2101.0 2356.0 2406.3 1091.2 864.7 

1923 2052.2 1690.3 2134.8 3489.7 4261.8 2494.5 1781.7 938.0 

1924 1094.4 1090.8 2844.8 2912.9 2027.1 2208.3 1880.0 906.0 

1925 1648.8 2191.4 2673.2 2371.2 2739.9 2592.9 2065.7 896.1 

1926 1203.2 1928.1 2671.2 2659.8 3607.5 2404.5 2106.1 1158.1 

1927 1435.6 1522.0 1679.4 2123.9 2324.5 2193.9 1290.2 1022.1 

1928 1227.5 1930.5 2120.6 2559.6 2795.4 2361.9 1495.5 1328.5 

1929 887.8 1582.5 1500.5 1523.5 2024.7 1787.2 1442.0 785.3 
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1930 1077.2 1776.5 1890.9 3311.3 2984.2 2276.4 1337.2 1218.5 

1931 1658.5 1768.9 1739.7 3286.7 3252.3 2345.1 1997.6 1348.2 

1932 1463.5 1729.7 1216.2 2322.1 2197.8 2069.1 1335.8 967.8 

1933 1513.7 1420.8 1095.4 2654.2 2011.5 1770.0 1092.9 862.4 

1934 1681.7 1457.7 2393.4 4180.7 2490.0 3083.3 1540.3 1146.4 

1935 1395.5 1431.1 2012.2 1277.0 2174.9 1352.2 1172.3 749.9 

1936 1135.2 1420.2 1196.8 1024.2 2051.5 1827.7 1805.1 1094.9 

1937 1094.5 800.1 1379.0 615.6 1797.0 2307.1 1592.4 1109.6 

1938 1812.0 1267.3 1274.8 924.9 3432.8 1963.1 1979.0 1116.9 

1939 1567.0 1335.7 953.7 892.4 2814.4 2446.3 1388.7 1371.5 

1940 1483.8 1178.4 1388.7 911.3 2188.9 3623.2 1810.4 1675.4 

1941 2078.6 2009.3 2153.5 1447.9 3933.8 3390.4 2090.8 2010.3 

1942 3216.5 1921.0 1998.5 1833.5 4241.8 5433.6 1959.0 1448.4 

1943 2047.6 2323.3 1677.3 2763.5 4265.0 7566.2 1889.5 1743.5 

1944 2367.2 2204.0 1353.0 2569.0 3818.0 6373.2 2133.3 1143.6 

1945 2630.4 1933.7 1705.3 1808.2 3409.2 8692.9 1905.2 1950.4 

1946 1477.8 1809.2 1508.1 2079.7 4259.3 6987.4 1693.1 1808.3 

1947 2909.9 1950.3 2029.7 3029.3 3986.6 5875.4 2961.1 2172.5 

1948 1148.0 1405.5 1814.7 1530.4 3800.7 5116.1 2719.0 1688.9 

1949 1340.9 1292.3 1392.9 802.7 2993.6 5486.3 1835.4 1297.8 

1950 1583.4 1076.9 1713.4 1215.3 3142.3 2881.3 1144.4 1106.8 

1951 1112.1 1197.7 1999.5 1307.9 3084.9 4636.0 1522.8 1476.0 

1952 1913.6 913.1 2213.3 1401.2 2841.6 2771.5 1617.7 1365.8 

1953 1938.7 1305.1 2391.9 2000.6 3245.9 4357.8 2007.5 1683.6 

1954 1431.9 1121.7 1909.5 1827.1 2955.1 4909.8 1999.9 2078.4 

1955 1420.7 1005.0 1820.9 1324.6 2123.7 2673.4 2165.7 1551.1 

1956 1880.1 1024.3 1941.0 1674.1 2574.1 3492.7 1909.2 1931.8 

1957 1660.2 1095.1 2253.7 2777.6 2887.3 3786.4 2201.8 2074.2 

1958 2551.8 1441.2 3396.9 2350.3 2613.7 3662.8 1966.2 2606.4 

1959 1396.8 1083.8 3397.3 2323.6 2905.3 4406.4 1737.7 1729.0 

1960 1500.5 1483.5 1919.5 2760.6 2250.5 3130.7 1659.0 1667.2 

1961 1389.7 1522.8 3466.7 3727.4 3184.0 5203.0 1812.2 1990.8 

1962 1178.1 1997.4 4135.2 4016.2 2908.7 3588.7 2125.5 2273.7 

1963 398.9 2985.3 5431.5 2964.8 3565.1 5469.9 2221.4 2977.5 

1964 1566.0 2510.6 5999.5 4085.1 4662.7 5840.3 2199.4 2482.8 

1965 1923.4 2771.2 3272.6 5152.1 3427.9 4229.0 2310.6 2712.3 

1966 3077.8 2004.2 3775.1 3221.4 4509.2 4637.6 2559.3 2290.7 

1967 1267.5 1869.5 3715.6 2442.1 2043.5 2339.6 1886.7 1608.9 

1968 2392.4 1786.9 3634.3 3291.2 2340.9 1343.0 2049.6 2595.4 

1969 2268.1 1469.9 2502.4 4645.7 2738.4 1271.5 2464.4 3266.6 

1970 1472.5 988.3 3709.1 3987.5 1323.1 1175.2 2052.8 2383.5 

1971 2200.3 1278.6 5018.8 3853.7 3192.8 2723.2 2445.0 2317.5 

1972 3545.3 2113.9 3484.9 3075.9 4586.6 2386.0 1715.9 2342.6 
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1973 1442.9 1813.6 2326.0 2125.9 3169.0 3825.0 1725.3 1607.3 

1974 2251.2 1309.7 2291.6 2475.7 3453.0 2996.5 2562.6 2205.1 

1975 1945.5 1733.0 2489.2 2991.4 4314.5 4399.8 1777.2 2359.7 

1976 2358.9 1628.7 3984.0 3045.9 4860.6 5671.5 2162.7 2445.0 

1977 1962.5 1541.8 3322.7 2978.3 4354.4 3388.3 2074.9 2198.7 

1978 2432.9 2173.3 2737.7 3834.2 4880.0 6102.5 2292.9 3192.0 

1979 2033.5 2200.6 3178.3 3959.6 3173.1 5300.0 1807.2 2853.9 

1980 1234.7 1781.8 3559.6 5503.1 3438.0 4152.5 2439.2 2886.3 

1981 1381.4 1694.3 3381.2 4413.2 3475.0 3964.2 2516.0 3773.4 

1982 2810.2 1924.0 3985.9 4145.7 4694.3 5085.9 2759.7 3314.7 

1983 2825.5 1686.6 3853.3 3067.0 4896.2 5679.9 2159.5 3102.9 

1984 3133.0 2313.3 2528.3 4017.4 5022.6 5736.3 2782.3 3769.3 

1985 2417.0 1094.1 2337.8 4254.3 4498.9 4381.2 2726.5 3683.0 

1986 3221.2 2441.0 4919.0 6893.2 5198.3 4425.1 2854.8 4088.4 

1987 2182.9 1214.9 3631.4 3579.5 3225.5 4812.0 1972.2 3179.6 

1988 1261.9 1217.5 3580.8 3815.1 4078.1 3034.7 1450.6 3240.8 

1989 1805.1 1391.9 4701.7 6298.4 3934.5 4607.4 1503.1 3602.2 

1990 1848.4 1203.9 4570.3 10180.6 5941.2 5159.4 1666.4 3585.0 

1991 1029.6 650.8 3501.5 5623.2 4263.0 2882.5 1420.4 2852.7 

1992 1576.1 977.5 4340.6 5368.5 5458.7 4444.8 1457.3 2745.1 

1993 1241.5 787.0 4708.7 3583.6 3330.8 3277.7 1255.6 3240.5 

1994 1131.0 461.2 4017.3 6297.6 3232.5 2639.7 1291.5 2539.8 

1995 1871.1 654.0 3548.2 4639.4 3620.4 2807.9 1375.7 2678.3 

1996 2029.2 963.0 4053.1 5754.2 5669.2 3871.9 2362.2 4138.7 

1997 2665.9 810.2 3274.9 4883.2 4986.5 4211.4 2992.2 4124.4 

1998 2831.6 1294.7 2722.8 3458.2 5665.8 3461.8 2833.9 4139.2 

1999 2498.6 1394.4 1812.1 2696.6 6740.7 4019.7 2096.8 2852.3 

2000 2722.0 1631.0 2736.9 3576.9 5558.3 2714.8 2206.2 3267.5 

2001 1162.1 972.9 2389.9 3449.4 4136.7 2005.8 1057.7 1786.5 

2002 2194.7 1696.6 2063.7 3153.9 3760.1 2560.1 1060.2 1540.0 

2003 1851.3 2681.3 3045.0 3618.1 3687.6 3062.7 1378.8 1801.4 

2004 1759.1 2043.3 2959.6 3010.2 3474.1 3569.1 716.0 1649.0 

2005 1450.2 1142.5 2441.8 2972.2 2611.9 2607.3 433.5 1655.7 

2006 1276.7 1460.8 3265.9 4018.1 2589.2 2835.5 784.7 2002.1 

2007 1614.3 1206.7 3518.9 3914.5 2538.0 2144.9 1355.7 1946.7 

2008 1519.8 852.0 3096.1 2327.5 2430.0 2204.5 1393.4 1661.8 

2009 909.7 1051.8 2134.5 1871.0 1216.7 1648.9 1431.5 2275.2 

2010 1863.0 1491.4 3527.8 2264.8 2947.6 3360.5 1893.1 2980.8 

2011 2406.4 2093.9 4250.8 5305.7 3807.9 4016.4 2445.6 2868.3 

2012 2335.6 1760.2 3311.1 4374.2 2934.6 3211.1 2048.0 2870.4 

2013 1461.6 1644.6 2952.8 2737.8 3227.2 3841.5 1627.7 3108.1 

2014 2389.8 1689.1 3159.6 3836.0 3378.6 4023.3 1995.2 3605.1 

2015 2317.9 2905.9 4808.5 3552.4 2123.2 5403.2 2869.9 4284.8 
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2016 2184.4 1903.9 3684.2 2916.1 2529.4 4996.7 2364.2 4480.2 

2017 1988.4 1482.4 2197.1 2699.4 1929.0 3666.9 1553.4 3126.6 

2018 1566.6 1302.4 2753.3 2656.5 2105.0 5836.6 1628.6 2358.3 

2019 1652.0 1631.6 2735.7 1506.8 2021.6 4011.4 1458.0 2281.8 

Year CT9A CT9B CT10A CT10B CT11A CT11B CT12A CT12B 

1891 742.6 645.2 1090.3 1533.2 98.3 979.6 2382.1 2811.7 

1892 20.7 586.7 1214.1 1703.4 347.3 1344.8 3428.1 2106.0 

1893 1022.8 516.8 1546.1 1614.9 403.2 1498.1 3120.6 2938.1 

1894 1155.4 563.3 1607.3 2739.4 657.7 1861.8 3268.5 3084.8 

1895 1087.5 728.7 1740.9 2388.8 749.3 1310.8 3465.1 2592.2 

1896 1144.4 811.5 1592.2 2419.7 698.5 1812.5 2735.0 2983.9 

1897 1211.1 759.3 1674.9 2107.0 877.0 1489.6 3555.2 3414.2 

1898 1398.0 1077.7 2121.5 2554.3 921.1 1085.6 3402.5 2534.4 

1899 1209.2 809.9 1657.2 2071.7 971.4 1304.0 3354.6 3136.6 

1900 1183.7 1916.3 2243.0 2046.5 923.8 1475.2 3684.0 4269.7 

1901 1443.8 1414.1 1982.7 2383.7 1050.7 2018.5 4469.5 3114.0 

1902 1194.4 1200.3 1273.3 327.2 1302.3 1777.6 3872.8 3974.1 

1903 1539.6 1396.5 2286.7 1112.1 1397.6 1686.4 3502.0 3873.7 

1904 1609.5 1545.7 2107.5 2121.2 1709.2 1411.4 4270.7 3363.5 

1905 1969.5 1678.1 2130.2 2260.6 1611.0 2137.7 4313.5 4424.1 

1906 1650.4 1259.3 2458.7 2516.3 1554.7 2326.1 5649.7 3662.1 

1907 1872.1 1326.3 2751.1 3216.1 2133.7 1933.5 4225.0 4154.2 

1908 1887.7 1378.1 3197.0 3985.5 2397.1 1920.1 4315.7 3714.6 

1909 1755.7 1002.4 2851.8 4087.5 1711.4 2121.8 4165.6 4030.6 

1910 1562.2 1216.4 2480.7 2911.4 1790.2 1527.1 3975.8 3226.0 

1911 1815.8 1411.1 2562.6 3783.5 1527.0 1862.2 2814.9 2425.6 

1912 2085.8 1167.6 2785.1 3696.7 1216.5 1928.9 3325.2 2883.9 

1913 2063.4 1718.9 3390.9 4531.8 1494.8 2121.0 4522.0 4289.6 

1914 1710.8 1790.0 3452.7 3489.2 1260.9 1843.8 3395.9 3680.2 

1915 1978.4 1484.0 3608.8 3652.9 1780.3 2120.8 4647.6 3703.1 

1916 1984.4 1591.0 3662.5 3821.7 1633.8 1586.0 3868.5 3142.8 

1917 1745.0 1488.0 2839.4 2743.2 2050.2 1353.7 2649.8 2444.0 

1918 1299.9 1763.7 3548.7 2899.6 1426.3 1288.6 2902.4 2801.5 

1919 1397.4 1592.5 3410.1 4139.7 1424.9 1151.3 2566.3 2165.4 

1920 1180.5 1364.6 2962.6 2814.5 1367.0 1312.7 3099.3 2491.8 

1921 1605.9 1677.3 4359.5 4710.4 929.9 1461.6 2854.9 2555.2 

1922 1713.8 1872.3 2532.7 3014.2 866.0 1150.9 1892.7 1760.3 

1923 1715.0 1733.0 4620.0 5128.3 1516.8 1560.1 2860.5 3367.5 

1924 1585.4 1568.5 3324.0 3293.1 1364.9 971.5 2079.1 1847.1 

1925 1467.1 1658.2 4280.1 4517.7 1424.1 1149.2 2048.7 2583.7 

1926 2007.7 1300.2 4152.3 4670.0 1272.8 1153.1 2953.1 3203.3 

1927 1869.1 1805.7 4323.9 4968.7 1287.1 937.0 2450.1 1979.6 

1928 2189.4 2144.7 3649.4 5162.0 1188.9 1071.9 2383.3 2433.9 
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1929 1492.2 1483.8 4136.6 3261.9 1165.8 780.4 2025.7 1486.8 

1930 2363.4 1944.9 3821.7 4269.8 1106.5 1210.8 1703.0 1591.5 

1931 2097.4 2210.0 4897.2 4532.6 1063.1 1378.4 1882.9 1480.6 

1932 2536.0 1863.4 3218.1 3710.4 1314.6 1294.4 1947.3 1084.5 

1933 2006.9 1556.0 3015.1 3396.3 1074.2 985.1 1347.3 1053.7 

1934 1803.8 1808.3 3679.7 5052.3 1871.3 1257.7 2291.4 1644.0 

1935 1854.9 1831.9 2026.6 2333.0 1089.1 810.9 1375.0 1009.5 

1936 2172.5 2405.3 2784.3 3778.0 1472.0 1159.4 1476.7 1349.5 

1937 1715.3 1925.3 2894.9 3480.6 930.3 1072.4 1697.6 1184.1 

1938 2474.9 2814.5 2847.4 4120.6 1155.0 1105.9 1444.6 1578.0 

1939 2170.9 2207.5 3357.3 4616.6 1068.5 1139.7 1626.7 1566.4 

1940 1918.7 2002.6 3360.5 4848.6 1491.8 1555.6 1670.8 1229.5 

1941 2492.2 2794.6 4159.7 6901.2 1262.8 1838.5 2194.6 2486.1 

1942 2448.7 2766.8 5107.6 6333.2 1421.0 2032.8 2342.6 2724.0 

1943 2758.9 2681.9 6651.8 6748.6 2291.1 1981.7 2834.6 3174.6 

1944 2571.7 2450.0 4892.7 5438.6 2203.1 1945.2 2058.3 3003.0 

1945 2170.2 2559.4 4890.6 4728.8 2079.3 2237.3 2551.7 2475.6 

1946 2528.1 2772.5 5240.8 4916.6 2126.2 2045.1 2622.8 3408.8 

1947 3085.6 2834.4 6534.9 5037.0 2711.1 1643.7 1815.6 2701.2 

1948 2239.5 3069.6 5175.0 4708.1 2571.2 1586.9 2086.9 2375.4 

1949 1330.7 2125.8 3428.7 2442.8 2293.5 1242.1 2072.9 1865.2 

1950 2673.0 2006.4 4180.0 2873.5 1796.3 1742.2 1852.5 2124.5 

1951 2326.5 3722.8 4525.4 4781.1 2709.9 2313.1 2581.4 2713.3 

1952 2312.8 3059.3 4828.3 4378.5 2478.1 1727.2 2445.9 2417.6 

1953 3180.9 4277.9 4774.0 5031.2 2805.0 1296.0 1850.5 2373.8 

1954 2781.1 3705.2 5788.4 4831.5 2198.1 1756.0 2001.7 2623.5 

1955 2646.5 3128.5 4062.7 4092.8 2523.9 1648.9 2007.5 1786.9 

1956 2995.7 3923.7 5546.3 4888.7 2907.5 1425.4 1425.5 1977.9 

1957 2991.0 3592.7 5770.3 3963.8 2420.6 2072.9 1722.8 2152.4 

1958 2787.7 3219.6 5523.0 5079.8 2567.4 2480.7 2824.4 2310.2 

1959 2457.6 3484.2 4803.7 3848.0 2206.1 2344.7 2242.2 2807.5 

1960 2881.3 3123.0 4548.2 3359.9 2682.2 2172.9 2185.5 3538.8 

1961 2491.1 3470.7 4473.1 3516.9 3885.8 1813.2 2960.0 2820.4 

1962 3441.5 3456.6 4168.2 4394.2 3122.5 1989.5 2265.4 3654.9 

1963 3883.4 4055.2 3093.9 3722.1 1652.3 3715.6 3131.8 3889.5 

1964 2980.3 4349.6 5353.7 4754.0 1765.5 4020.6 3404.3 3954.1 

1965 4098.8 3806.7 4647.5 5053.8 2917.2 3639.5 2682.7 4955.4 

1966 3635.5 3822.5 5992.6 5462.4 6010.4 3388.4 3149.3 4367.0 

1967 2692.0 2928.8 3549.4 3129.7 5073.3 2798.1 2660.0 3113.0 

1968 3911.0 3885.3 4658.9 4077.8 5383.5 3061.2 2209.2 3744.4 

1969 3365.3 3390.7 5492.9 5754.1 3555.3 3133.5 2721.1 3806.9 

1970 3264.0 3212.3 4271.8 2958.1 4513.1 3635.9 2421.9 3266.9 

1971 3475.0 3028.1 3814.4 3963.5 5409.8 3193.8 2518.0 3263.4 
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1972 2734.6 4020.2 4590.6 3858.2 4146.0 3376.8 2481.8 2955.2 

1973 2617.7 3427.3 3556.2 2640.6 3977.1 2633.5 2690.1 2276.1 

1974 2836.3 2645.5 3101.5 3121.5 4544.7 2610.1 2274.8 2856.2 

1975 2315.5 3576.5 2619.7 2855.2 3940.4 2402.3 2035.0 2950.7 

1976 3124.9 3911.4 3543.3 2369.8 4212.4 2893.3 2826.3 2901.8 

1977 2411.4 3227.3 2476.6 2529.0 4353.5 2221.9 2340.3 2583.0 

1978 3280.6 5620.1 4413.2 3689.9 4872.3 3107.2 2301.9 4215.7 

1979 3915.0 3493.8 2669.8 2812.1 7822.6 2524.6 2784.6 2817.9 

1980 4098.4 5029.2 3547.3 3173.4 3551.3 2912.8 3408.7 3753.9 

1981 3275.6 4433.9 2778.3 2988.4 5955.1 3041.5 2029.2 2865.6 

1982 3629.4 4309.2 4091.5 3110.5 4703.4 2734.2 2079.9 2919.6 

1983 3544.5 4862.8 4372.6 2856.8 5438.7 3053.2 2337.5 3229.7 

1984 3573.6 3965.2 4009.6 2600.1 6927.3 3896.9 3126.8 4764.5 

1985 3602.6 4068.3 3575.1 2117.5 5042.7 3147.8 2676.2 3760.9 

1986 5756.4 4576.6 4334.5 3063.6 6693.4 3456.5 3194.8 6535.4 

1987 3231.3 3734.8 3525.0 2378.5 4713.6 2928.3 2904.1 5168.9 

1988 3824.2 3175.4 2638.0 1619.6 5841.0 3414.5 3684.9 4895.8 

1989 4256.3 3303.0 2890.1 2345.2 4654.3 2761.1 3067.1 5747.6 

1990 3256.5 3036.1 2745.6 2555.8 6943.7 3270.0 3431.0 5499.6 

1991 3349.0 3398.5 2888.8 2132.2 4558.8 2309.1 3680.8 4391.3 

1992 4209.2 2982.8 3570.1 2638.9 6022.1 3178.9 3292.5 5432.6 

1993 3759.2 3330.0 2620.8 2098.9 5191.3 2429.8 2566.6 4058.6 

1994 3714.5 2465.1 2764.5 2012.6 4146.8 2378.4 2788.8 4444.3 

1995 4087.5 3755.9 2209.4 2132.3 5012.9 2123.7 2486.1 4606.1 

1996 4266.4 3613.5 4686.6 3197.1 5747.4 2272.9 3237.3 5602.4 

1997 5042.2 4032.3 3891.8 3556.3 5610.6 2546.1 3176.4 4918.0 

1998 4284.4 2906.1 3841.4 3524.7 4823.5 3396.3 2462.0 4244.6 

1999 3319.7 3301.5 3790.1 3189.3 3741.2 2630.7 2710.9 4829.4 

2000 4570.7 3377.9 3807.2 3318.1 4911.7 3199.4 2548.7 5305.3 

2001 2889.7 2282.1 2802.8 2250.4 2858.3 1989.1 1654.3 3388.4 

2002 3440.8 2773.4 2672.4 2209.2 3591.2 2536.2 1852.3 3854.1 

2003 3866.2 2941.6 2213.9 3465.9 4437.0 2775.5 2051.5 3870.6 

2004 4377.4 2819.7 980.6 3147.5 4975.0 2429.8 2448.1 4079.4 

2005 3607.2 3205.1 1496.3 1827.3 3786.8 2691.0 2184.1 3445.6 

2006 3491.0 3281.1 2530.9 1783.4 4466.0 2637.9 1967.4 3773.5 

2007 3510.9 3061.0 4753.4 2383.4 4061.5 1990.2 1946.8 4251.3 

2008 2795.2 2817.5 3735.9 1696.0 3067.3 1910.7 1234.2 2511.2 

2009 2548.3 2550.6 3323.4 1339.9 3415.0 1681.3 1334.7 2885.1 

2010 3982.3 3764.8 5271.3 2085.6 5827.4 3246.0 1287.0 3508.0 

2011 4896.6 4393.4 6120.4 3149.4 6236.9 3733.6 1487.1 3816.9 

2012 3773.1 3873.8 5288.9 2773.6 5007.5 3774.3 1141.6 2767.4 

2013 3651.6 3508.1 4223.6 2757.7 4611.7 3445.9 1540.8 3172.4 

2014 4062.6 4102.5 5073.9 3470.8 5420.7 3287.2 1867.1 2485.6 
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2015 4190.8 4293.3 5519.2 5022.4 5787.8 4200.5 2270.2 3965.1 

2016 3404.6 3154.6 2463.2 3624.8 5194.3 3959.0 2275.4 2201.3 

2017 2773.4 3085.5 1406.8 3663.2 4034.9 2540.0 1202.3 952.1 

2018 3183.3 2658.7 2151.2 4048.1 3189.8 3059.0 1555.1 978.1 

2019 1954.8 2479.4 2553.0 3295.3 3849.4 3383.1 1230.8 1657.4 

Year DT1A DT1I DT2A DT2I DT3A DT3I DT4A DT4I 

1891 3858.2 2497.4 1148.8 1444.7 3095.6 2847.2 2712.7 1694.1 

1892 4019.8 2816.4 1620.0 1867.8 2196.1 2549.4 2922.0 2866.5 

1893 4369.6 3473.4 1516.7 1683.2 3234.7 2130.4 3614.6 3111.6 

1894 5119.6 3331.8 1455.6 1497.2 3549.3 3060.1 2585.1 2392.9 

1895 5215.1 2513.6 1845.0 2304.7 4057.8 4002.1 2328.9 2927.0 

1896 4541.3 3108.0 1871.2 2354.6 3464.3 3963.0 3151.8 2785.1 

1897 4781.2 2123.9 1940.8 2191.9 4575.0 4226.2 2862.2 2092.4 

1898 5226.0 2719.4 2357.3 2348.2 4505.6 3529.9 2987.5 2414.1 

1899 4561.3 1818.0 2451.7 2034.1 4699.5 4134.6 2233.3 2680.4 

1900 6226.0 2894.3 2699.6 2168.8 4717.3 5426.1 4180.4 3029.3 

1901 5231.1 3156.4 3190.9 2606.7 5929.9 3989.4 3877.5 3383.1 

1902 4626.0 2294.7 2830.5 2724.2 4887.1 4610.0 3192.9 3140.5 

1903 7054.4 1932.4 2466.0 2495.1 5044.4 4888.2 2609.0 2793.4 

1904 6875.3 1290.8 2894.3 2830.5 5588.9 4797.6 3339.8 3736.7 

1905 5169.8 1824.2 2261.0 2512.8 5974.9 6566.4 3283.3 2903.1 

1906 5230.2 2616.2 3069.5 3004.3 5255.8 6775.8 3474.4 2895.5 

1907 6648.5 1601.4 3170.9 2949.9 7070.2 7339.8 4381.9 3606.4 

1908 5348.9 2233.1 2779.3 3204.8 6540.7 6568.3 3967.8 3378.0 

1909 5514.6 1608.6 1978.3 2640.0 4424.7 5987.3 3290.9 2959.2 

1910 3090.6 1564.8 1577.1 2559.7 4208.3 5516.2 2739.7 2493.2 

1911 3573.5 2692.5 1806.2 2366.8 3393.8 5860.7 4152.5 2627.6 

1912 3958.4 3053.7 1697.0 2261.7 4644.5 5513.3 2889.6 2260.2 

1913 5041.0 2545.0 1609.7 2313.1 4423.3 5518.4 3321.7 2814.5 

1914 3515.8 2008.1 1794.8 1733.5 4570.1 6340.0 3279.1 3037.1 

1915 3318.5 1894.2 1251.9 1466.3 3621.2 4650.9 2973.7 2625.7 

1916 3505.6 2040.7 1367.8 1514.2 3429.4 4075.5 3372.0 3146.5 

1917 2616.2 1022.1 1278.7 1358.4 3452.1 3497.7 2820.0 2005.6 

1918 4294.4 475.8 1532.4 1769.3 3383.1 4150.5 2281.0 1561.4 

1919 4327.6 595.1 1856.4 2069.0 4328.4 4771.8 2821.4 2037.0 

1920 2973.1 714.6 1952.5 1982.9 3245.8 4036.1 2380.9 1633.7 

1921 3752.5 619.8 1887.9 1919.0 3826.7 3836.3 3029.3 1960.9 

1922 4546.8 739.5 2077.0 1625.5 3551.5 3545.3 2524.4 1706.5 

1923 8300.5 907.4 1943.1 1950.2 3289.4 4276.8 3762.4 2708.2 

1924 5748.7 1362.7 1669.0 1333.3 4129.0 3917.4 2401.2 2217.1 

1925 6041.5 1316.9 1556.1 1612.0 4120.1 4911.6 2535.4 2223.7 

1926 7588.7 934.9 1675.3 1661.3 4304.1 5421.5 2397.2 2383.5 

1927 6599.7 551.8 1351.9 1595.1 3652.9 4515.8 1454.9 1205.5 
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1928 7406.7 792.3 1704.6 1482.2 3439.8 4844.8 1309.8 790.1 

1929 5246.1 432.5 1216.3 927.7 3498.7 3945.1 931.0 527.2 

1930 5140.4 721.2 1428.9 1230.7 4073.9 4121.4 1250.3 461.6 

1931 6463.6 1203.3 1619.2 1465.2 3920.9 5502.0 1507.5 725.9 

1932 5396.5 602.2 1504.5 1374.5 4146.2 3935.1 1297.7 352.2 

1933 3364.2 747.3 823.9 746.4 3566.6 3513.2 1129.4 308.3 

1934 5355.2 2463.2 1013.2 887.2 4277.5 4385.0 2071.7 683.1 

1935 3728.8 1282.5 920.0 911.5 3160.0 3772.1 1091.6 352.8 

1936 5008.2 2181.8 1015.4 1029.5 3154.6 3471.7 986.0 507.5 

1937 3554.1 2576.2 780.1 772.9 3912.6 3300.0 493.5 552.0 

1938 5087.4 2363.7 946.5 1266.2 3748.3 4190.0 1202.9 618.7 

1939 4457.1 3275.0 900.1 1150.5 3122.0 3537.0 1032.7 574.9 

1940 3993.2 5623.0 948.4 1316.8 3429.5 4244.4 1141.9 841.0 

1941 4930.7 6473.7 1187.0 1153.8 3446.4 3819.5 1683.7 908.4 

1942 5209.1 4099.1 1188.5 1296.9 3759.7 3922.7 1449.3 1020.5 

1943 5651.1 4341.2 1404.5 1440.6 3162.5 4447.5 1040.1 799.6 

1944 3455.1 3406.3 1001.1 1158.9 3347.4 3793.8 737.6 622.4 

1945 3721.2 4148.3 1169.4 1350.0 3277.0 4059.3 694.9 489.4 

1946 4657.8 3002.4 1099.2 1423.2 3227.0 3921.7 782.5 868.3 

1947 4753.1 2783.3 956.9 1045.1 3176.2 4416.8 1066.4 601.7 

1948 4523.8 2333.7 1005.8 1570.0 2559.4 4301.5 1002.5 535.2 

1949 2702.4 1346.8 887.0 952.8 1783.7 3789.0 916.5 758.9 

1950 2453.5 1297.6 791.8 1097.0 1613.3 2725.2 830.1 357.4 

1951 4339.6 1426.8 1032.8 1170.0 2536.0 3950.8 1465.9 1095.4 

1952 3180.3 1709.6 913.7 1243.3 2874.0 3615.0 1359.0 895.4 

1953 3831.5 1533.4 914.6 742.0 2333.5 3718.3 1031.8 918.8 

1954 4490.9 0.0 1132.4 1174.1 2495.3 4099.8 1231.2 1211.7 

1955 3221.5 1945.5 795.9 1055.6 1993.2 2945.8 1078.9 1011.2 

1956 2849.2 1846.5 820.8 960.6 1864.9 2807.5 1212.8 719.8 

1957 3435.6 1618.3 1014.9 1154.1 1579.7 2495.0 1568.4 1103.5 

1958 4415.4 1723.8 1233.9 1251.9 1828.4 2546.7 1837.5 1330.7 

1959 3562.0 1829.8 872.0 964.2 1877.4 2685.6 1464.3 993.8 

1960 4136.3 1678.0 460.5 651.4 1590.3 2412.2 1311.3 1515.6 

1961 5576.0 1551.2 1188.7 820.9 1728.3 2856.8 1536.3 1382.3 

1962 5436.0 1812.6 1336.1 1256.9 2340.2 3262.5 1762.6 1339.2 

1963 9518.3 1685.9 1751.9 1743.1 2301.8 3783.5 2348.8 1751.1 

1964 9661.2 2234.7 1706.4 1625.0 2353.7 3536.2 1524.8 1298.7 

1965 7269.4 2317.5 1465.1 1190.2 2337.7 3930.6 1123.1 1437.8 

1966 5995.7 2583.8 1687.6 1873.4 2504.0 3346.5 809.6 1371.6 

1967 5902.5 2301.9 1126.7 1023.4 2488.7 3225.9 517.7 1305.1 

1968 8619.5 2123.1 956.3 1171.0 2381.5 3284.0 630.6 1353.1 

1969 10227.8 3100.2 1252.0 1563.6 2710.3 3659.6 540.9 1907.2 

1970 6907.7 2238.6 1081.5 1272.3 3019.2 4290.3 518.7 1128.0 



143 

 

1971 7057.2 1556.5 688.9 1200.5 2497.2 2941.2 428.8 714.4 

1972 5004.0 1823.1 812.5 784.8 2690.3 3410.2 316.1 715.0 

1973 3508.2 2727.1 887.1 564.5 2093.1 3838.8 0.0 0.0 

1974 3092.0 1724.4 715.2 491.1 2495.1 3393.5 293.6 669.4 

1975 2859.6 1673.9 938.0 712.6 3181.8 3453.6 451.9 877.9 

1976 3403.4 2102.5 1235.6 1131.3 3428.7 4027.4 701.0 948.3 

1977 3117.5 1439.4 1014.4 886.3 3135.0 3483.7 0.0 0.0 

1978 4881.3 3579.8 1709.5 1380.3 3240.9 3803.5 1018.6 1412.8 

1979 4494.8 2652.0 1936.0 1604.7 2777.1 4813.0 1541.7 2019.0 

1980 5193.2 2953.9 2213.7 1755.8 2905.0 3864.5 2431.7 2582.9 

1981 4340.6 3069.3 2393.4 1709.4 3393.0 4478.0 2279.2 2497.2 

1982 5564.9 4294.6 2324.2 2283.8 2853.2 3133.4 2148.1 2434.0 

1983 6667.8 4201.8 2605.5 1965.4 3054.8 4226.7 1947.2 2111.9 

1984 8344.8 3862.7 2461.4 2243.8 3476.0 4681.6 1951.8 1999.2 

1985 7533.8 3219.5 1837.4 1723.7 2858.1 4170.5 1887.2 1862.2 

1986 8199.2 5202.2 2219.4 2227.7 2672.2 4970.4 2284.1 1511.5 

1987 7855.9 2994.7 2047.2 2132.3 2972.6 4922.9 1040.3 922.3 

1988 6507.7 3140.0 2178.1 2187.1 2663.8 3715.0 2641.0 1563.0 

1989 5367.2 3507.7 1192.3 1788.4 2229.6 3160.4 789.2 403.0 

1990 6510.2 3823.0 2872.3 2322.1 2923.5 3567.7 1557.4 1542.7 

1991 4492.7 2221.7 1732.3 1998.2 3277.9 3929.6 1630.2 1735.7 

1992 3495.3 2922.1 1990.6 1849.9 2892.8 3595.0 1213.0 1667.5 

1993 3301.5 3208.4 1329.2 1954.9 2876.6 3733.6 1612.1 1169.1 

1994 3571.3 2572.7 1715.2 2060.5 2760.5 3722.3 1029.6 883.8 

1995 3551.6 3167.2 1897.6 1860.5 3517.7 3457.9 983.9 1147.8 

1996 4408.8 4639.1 2569.8 2835.5 4006.9 3647.3 2417.7 1604.6 

1997 3279.4 4373.5 2782.5 3253.7 4350.5 2337.1 2495.0 1943.7 

1998 3111.0 3112.9 2246.8 2003.3 3458.6 3158.4 2502.1 1899.6 

1999 3088.6 3347.8 2692.0 2136.0 4028.7 3091.3 3268.0 1710.6 

2000 2033.4 3812.3 2984.7 2760.0 4172.1 3485.5 3732.5 2704.9 

2001 1918.3 1625.1 1794.8 1861.2 2654.4 2750.4 3676.2 3246.5 

2002 1625.2 3084.7 1641.3 1968.2 2584.4 3170.6 3451.0 2746.5 

2003 2189.7 3292.7 2166.2 2673.2 2873.3 2921.2 4887.1 3389.5 

2004 2727.1 2927.4 2537.1 2445.4 4247.4 2877.3 3579.3 3622.3 

2005 2702.7 2070.4 2018.2 1981.2 3151.5 3223.4 4031.0 3562.2 

2006 2678.1 2880.9 1837.9 1749.6 2382.7 2789.3 3339.8 2637.1 

2007 2713.0 1933.7 2130.6 1883.3 3506.0 2770.3 3523.2 4551.7 

2008 2150.3 1936.5 1475.4 2201.3 2865.2 2462.6 2503.5 2681.6 

2009 2542.7 2113.2 975.9 1837.8 2349.9 2126.5 1574.2 1766.9 

2010 3087.2 2638.9 1346.6 2709.8 3613.1 2736.3 3699.5 2993.5 

2011 4417.6 3022.3 2406.8 3350.4 3888.2 3562.1 5004.3 4130.8 

2012 3887.8 4137.5 2916.2 4129.3 5487.8 3679.6 3932.2 3971.6 

2013 3051.3 4765.1 1700.2 2894.3 4664.8 3851.4 2796.9 1638.4 
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2014 2633.5 8725.3 1942.5 2608.6 4924.3 5039.9 3281.3 3107.7 

2015 5646.1 14159.1 4322.6 4459.1 7762.4 6593.5 5837.6 4310.8 

2016 4904.8 11778.8 1980.0 1820.7 5924.0 5955.8 1768.0 1169.6 

2017 4094.6 12784.6 2198.1 2011.5 4083.6 4385.3 1087.6 279.9 

2018 4781.1 13814.4 4651.3 4141.4 5839.1 5109.8 2356.2 NA 

2019 4426.9 10584.3 3318.4 3318.4 4582.9 4038.2 3328.2 NA 

Year DT5A DT5I DT6A DT6I GT1A GT1I GT2A 

1891 3883.3 3666.7 5889.0 5532.8 1492.9 3060.8 564.6 1915.1 

1892 3766.5 3749.1 6410.9 6713.4 1625.1 3236.4 680.8 2476.6 

1893 4557.2 4126.5 5380.6 6089.6 1336.7 4181.2 837.9 2110.1 

1894 4181.9 4129.7 7614.3 7996.5 1671.0 3497.6 1441.5 2917.0 

1895 3962.6 3920.1 5207.5 6109.7 1639.3 3028.0 1529.5 2896.7 

1896 4295.5 4903.6 6624.2 7009.9 1477.8 2975.6 1549.4 2527.6 

1897 3949.6 4700.0 5444.3 6120.1 1556.0 3798.1 1660.6 2096.0 

1898 4431.5 4578.5 6406.0 6432.8 2435.4 4205.4 2246.7 3294.3 

1899 4019.0 4454.2 7075.5 6123.9 2015.9 3276.5 2181.3 2829.3 

1900 6389.6 4655.9 8437.3 7221.7 3489.1 3315.4 2850.2 4157.8 

1901 4952.7 5059.6 7586.2 6739.5 2924.2 4201.1 3111.5 4542.7 

1902 5330.5 4493.2 8607.6 7987.2 1761.7 2658.6 2889.9 5376.7 

1903 4634.0 5591.5 7592.0 7068.3 2033.7 2355.6 2280.0 5172.2 

1904 5033.0 4483.7 8201.8 7063.9 1181.7 3954.7 2647.7 5867.4 

1905 5001.1 5526.8 9254.6 7136.9 2083.3 4096.1 3338.9 5379.3 

1906 5497.3 5336.6 8396.8 6421.4 2186.9 4943.3 4768.6 4847.0 

1907 5936.7 5669.5 11088.3 8708.9 1847.9 5101.2 3703.9 4480.2 

1908 5601.1 5569.6 11232.1 9151.2 2027.8 5300.9 5536.4 5435.1 

1909 5370.1 5188.1 7414.1 7207.8 1530.2 3807.1 3701.6 3683.4 

1910 4861.5 4355.3 4646.4 4983.5 1281.4 2147.2 2945.1 3024.9 

1911 4662.4 5011.1 5644.0 6442.8 1147.8 2527.8 3712.0 3629.8 

1912 4482.4 4449.6 4716.4 5932.6 1130.5 3781.6 4194.9 4550.3 

1913 3631.0 4685.5 5243.1 5989.9 2032.4 3884.3 4107.6 4862.6 

1914 3993.7 4281.0 4329.8 6185.4 2373.2 3988.4 3555.7 4664.8 

1915 3501.2 4397.1 4964.7 3781.8 1672.6 2184.3 3464.5 4326.2 

1916 3818.8 3600.4 3420.7 4653.6 1914.3 3724.4 3532.6 4420.0 

1917 2594.3 3566.2 3999.1 4699.2 1305.9 2244.9 2664.5 2509.0 

1918 4576.3 3555.7 3388.3 4745.1 1149.9 2578.0 2542.1 2774.3 

1919 3583.7 4129.0 4651.1 6561.2 1032.7 3262.3 3019.9 3188.1 

1920 4571.3 3096.5 4915.8 5296.3 954.8 2929.3 2735.3 2710.7 

1921 2854.0 3057.6 7604.6 6963.8 1574.6 3973.9 4223.9 4426.8 

1922 3126.0 2158.4 6074.1 5803.7 1018.6 2544.8 3429.2 2942.9 

1923 3544.6 2852.6 7301.2 7692.9 2122.3 2908.1 2628.1 4156.4 

1924 1825.6 2120.3 5161.9 4741.2 1988.5 2523.4 3097.8 2854.5 

1925 2769.3 2100.3 6559.9 5625.3 1692.0 3350.8 2707.6 4962.5 

1926 2995.3 2575.9 6085.8 6462.3 2424.9 3324.7 2972.9 4904.4 
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1927 1598.2 2309.2 5349.1 5093.2 1784.0 3170.9 2587.5 3374.4 

1928 2596.9 2414.3 5827.3 5405.2 1381.9 2993.5 2502.2 2994.5 

1929 2530.9 1446.4 5424.5 5632.4 1670.2 1938.6 1597.8 2343.4 

1930 1585.3 2073.6 4499.5 6600.4 1449.6 3035.5 2513.8 3174.8 

1931 2223.9 1501.7 6735.0 6246.2 2067.6 2919.1 2759.2 3661.1 

1932 2081.9 1403.6 5117.3 4219.4 1272.4 2585.3 2389.7 3759.8 

1933 1595.1 1305.1 4468.3 4679.8 1110.2 1793.5 2327.9 3064.1 

1934 3592.6 2162.2 4687.4 4815.1 2494.2 2709.2 2649.1 3575.3 

1935 2023.6 1309.6 5259.8 4380.6 1095.4 2196.2 1986.9 2494.7 

1936 1532.9 1159.9 4956.9 4695.4 1781.2 2661.4 1952.2 2834.4 

1937 2899.3 1514.9 6302.6 4468.8 1224.7 2692.7 2451.9 3166.0 

1938 3032.3 1820.9 5649.5 4968.0 1955.7 2812.2 3275.5 4084.7 

1939 3441.3 1596.0 4750.2 5502.6 1668.8 2933.0 2428.0 2736.6 

1940 2651.4 1573.1 3453.9 7083.1 2510.8 3343.4 2805.5 1850.8 

1941 3537.8 2516.8 5077.1 6748.0 2225.4 4048.8 3474.0 4480.2 

1942 3676.4 2012.8 6597.3 7736.0 2527.8 3531.8 2680.9 4189.6 

1943 4044.4 2042.3 7382.8 7154.5 2473.3 3817.5 3454.6 3284.3 

1944 3577.4 2276.8 4478.1 4881.7 3013.4 2863.8 2655.6 3968.4 

1945 3360.4 2435.8 4795.8 5647.2 2855.2 3214.0 2014.1 3407.1 

1946 3243.4 2930.4 4842.0 4601.6 2973.7 3454.4 2362.1 3584.4 

1947 3176.6 3170.9 6051.9 4552.3 3222.6 2965.9 2661.5 3377.2 

1948 2646.0 2274.4 4847.0 4723.1 2890.8 2563.8 2188.0 2621.7 

1949 2214.4 1683.1 4153.8 3693.9 1926.3 1514.5 2060.5 1988.9 

1950 1444.4 1815.5 3918.1 3449.0 1953.0 2023.6 1786.9 2083.1 

1951 2506.6 2442.9 2720.9 3964.5 2328.5 1774.6 1926.5 2264.4 

1952 2175.4 2448.4 3594.0 3815.2 2445.0 1662.8 1705.8 1774.5 

1953 1764.3 2271.0 3136.2 4015.6 2430.9 2152.5 2253.9 1711.9 

1954 2391.6 3218.9 3703.3 4409.5 2812.9 2529.8 2812.9 2622.9 

1955 1719.0 2361.3 3431.1 3138.7 1719.1 2141.1 1962.1 1797.3 

1956 1565.1 2076.9 3751.7 3498.1 1678.7 2006.2 2122.0 1102.6 

1957 1672.0 2080.8 3321.6 2958.3 1682.4 2198.2 2030.1 1632.3 

1958 2224.5 2269.6 3800.2 3705.4 2352.5 2062.9 2342.9 1990.6 

1959 1782.9 2168.4 3746.4 2614.8 1847.0 2397.2 1600.7 1520.3 

1960 1444.2 1403.8 2649.9 2424.8 1427.1 2710.5 1972.8 1454.0 

1961 1682.9 1246.3 4141.4 3368.3 1675.7 4164.4 2871.7 2474.3 

1962 1580.0 1221.2 3993.5 3992.4 1970.7 3921.8 2785.8 2127.9 

1963 2004.6 1382.0 4830.8 3057.5 3055.1 4656.9 2899.7 3506.2 

1964 2325.7 1490.3 4589.9 3389.3 2569.9 4584.5 3769.5 3657.2 

1965 2675.3 1278.9 4603.0 4115.3 2985.9 3471.5 2301.3 2768.9 

1966 2522.2 1707.5 5226.0 4158.1 2792.1 4212.2 1838.0 1884.5 

1967 2607.8 1041.8 3117.9 3708.2 2026.2 3013.4 1431.9 1376.4 

1968 2880.9 1444.0 3865.4 3321.2 2762.8 3145.1 2189.4 1730.1 

1969 2781.1 1445.9 4391.7 3657.4 2863.8 3719.3 2378.4 1310.5 
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1970 2358.5 1420.9 4370.9 4194.1 2574.3 2725.3 2213.9 1739.8 

1971 1825.8 1207.8 3440.0 2845.9 2489.8 2733.0 2225.7 1912.8 

1972 1505.8 1451.0 3870.3 2518.8 2358.2 2369.9 2499.6 2143.5 

1973 1588.6 1452.8 2998.2 2622.1 1738.1 1855.5 2217.7 1852.0 

1974 1509.9 1400.8 2676.8 2792.4 1997.4 2032.8 2295.4 1632.6 

1975 1511.8 1429.5 3335.6 2763.5 1908.8 2086.7 1858.4 1505.4 

1976 1297.4 1890.7 3965.4 3402.0 2263.5 2290.5 3070.2 2303.5 

1977 946.9 1514.8 3777.3 2773.1 888.3 2745.7 1795.1 1401.7 

1978 1272.8 1598.0 4247.1 3950.0 2975.5 3054.1 2630.1 1823.6 

1979 1328.5 1518.8 4389.7 4193.8 2350.0 3465.9 3121.8 1657.6 

1980 1357.1 1520.8 3705.2 4271.0 2993.6 3477.9 3126.0 2045.2 

1981 1114.0 1305.1 3514.0 3842.4 3288.1 2907.4 2646.9 1821.9 

1982 1223.9 1279.3 3487.8 3411.1 3918.9 2408.0 1571.1 1326.8 

1983 1770.1 1553.3 3727.9 3722.3 4103.3 2795.3 2375.1 1619.3 

1984 1445.3 1828.5 4537.4 3662.0 3449.6 2879.4 3576.0 1759.3 

1985 764.3 1120.3 2406.8 2139.6 3294.1 2631.6 4626.4 2289.0 

1986 1502.7 1586.6 4186.3 3639.6 4491.1 1484.8 4955.3 2258.7 

1987 1230.9 1835.5 3692.1 3101.0 3516.2 2154.2 4265.8 3443.1 

1988 930.8 1371.6 3969.0 3037.9 3700.1 2518.8 3503.5 2417.8 

1989 1315.4 2362.8 3944.0 2803.4 2906.9 2705.4 3253.6 2012.3 

1990 1536.4 3111.7 4020.3 2739.1 3161.3 3592.1 3897.8 2752.7 

1991 1236.1 1489.8 4910.7 4356.5 2703.9 2280.4 2725.1 1410.7 

1992 2641.2 2763.8 4209.9 3437.5 2810.3 2493.3 4225.1 2172.0 

1993 1515.8 2021.5 2891.4 3478.2 2843.2 2577.2 2741.4 1658.9 

1994 1434.8 970.4 3475.7 3450.1 2057.2 2426.7 3375.3 1964.2 

1995 1602.4 1554.3 5123.2 3214.2 2459.4 1934.8 2790.5 1970.3 

1996 1826.0 1750.9 5651.9 5195.7 3139.1 2751.2 4821.1 3027.4 

1997 1523.8 806.8 5324.9 2637.9 4576.9 2495.1 3748.0 2513.3 

1998 1414.6 1058.0 5029.5 3302.5 3339.6 2579.9 4235.6 2788.1 

1999 1305.1 724.4 6219.2 5435.3 2972.3 2823.7 4674.9 2984.2 

2000 1167.5 1673.4 6482.6 5065.7 3208.7 2672.0 3339.2 2339.5 

2001 1168.6 1256.5 5076.6 4623.0 1139.4 2014.8 1725.6 1420.0 

2002 918.9 1257.8 4391.9 2912.5 2866.7 2177.9 2025.9 1546.8 

2003 1142.7 1371.0 4297.0 3268.6 2365.4 2075.6 1933.7 1902.3 

2004 836.8 1428.6 4446.7 4155.0 2575.0 3040.5 2395.9 1347.2 

2005 1172.4 1346.0 3824.5 4870.4 2504.6 3182.5 3082.5 2869.0 

2006 1453.1 870.1 3796.8 4386.5 3357.5 2493.4 3057.5 1835.8 

2007 1146.9 1489.0 4932.7 4360.7 2107.1 2740.9 3172.9 1945.3 

2008 1316.1 1406.3 4202.5 4405.7 1750.6 2423.9 2299.1 1593.8 

2009 1345.5 1267.0 3892.6 3381.9 1908.3 2537.1 2530.3 1429.1 

2010 1234.6 1268.3 6030.7 5351.4 2299.7 2596.8 3416.2 1874.8 

2011 2219.8 1523.6 7118.2 6870.4 2927.0 2792.6 5445.2 3043.9 

2012 1970.2 1695.1 7250.7 5850.9 2337.0 2527.2 3792.6 2185.3 
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2013 1183.6 1414.3 5553.7 3201.7 5289.9 1360.9 2132.3 510.1 

2014 1862.2 1387.5 6684.3 4793.8 11396.3 2289.9 3533.9 553.1 

2015 2458.9 2438.9 11840.4 7954.0 13783.6 3935.9 7332.9 1277.9 

2016 3456.1 1903.3 9361.0 5694.9 10738.7 3564.4 3547.2 1258.8 

2017 2953.5 2048.5 7358.3 5674.0 10294.9 3024.3 4352.4 2074.4 

2018 3587.4 2936.1 7676.9 11064.2 11264.3 3004.3 6481.4 3951.1 

2019 3511.6 2285.1 7814.9 8510.6 7716.3 2154.5 6560.8 5012.2 

Year GT3A GT3I GT4A GT4I GT5A GT5I GT6A GT6I 

1891 5071.7 4671.7 2141.9 3138.0 2024.1 2886.3 2537.2 2950.9 

1892 5997.6 4277.7 3190.6 3193.6 2264.9 2559.3 3257.8 2435.1 

1893 5634.7 5008.8 4600.2 3267.5 1859.6 2381.4 3301.0 2526.4 

1894 6004.9 5668.3 4869.5 3626.4 2986.6 2867.0 3312.8 2619.2 

1895 3617.3 3759.9 3884.3 4135.9 2752.7 2642.4 3324.2 3148.1 

1896 3969.1 5260.9 3099.3 3304.3 2225.9 2565.1 3545.6 2255.0 

1897 5052.0 5759.1 3119.4 3996.8 3132.1 2423.3 4294.9 2360.2 

1898 4665.3 3392.4 3385.9 3771.5 2468.7 3052.1 4074.5 2222.7 

1899 3440.8 4539.0 3037.2 5070.5 1919.2 2479.7 2898.4 2466.6 

1900 5049.5 7631.2 4966.2 5062.5 3824.2 2693.7 4492.7 3629.6 

1901 5026.7 4857.6 5268.0 5071.7 2867.9 3258.1 4877.4 3366.7 

1902 3216.9 7523.4 3790.7 3867.2 2800.0 1920.8 4141.7 3254.0 

1903 3426.5 7661.6 5305.3 5076.4 3505.9 2219.9 3868.0 2485.9 

1904 2964.4 4561.5 3745.1 4428.1 2467.1 2500.0 4178.3 3189.2 

1905 4751.5 7051.5 5731.7 6150.6 4098.8 2893.0 4162.1 3133.7 

1906 6059.5 9555.1 6756.1 4782.0 4166.4 2963.5 4180.0 4215.4 

1907 6832.0 8161.3 9063.5 7015.8 3087.5 3616.4 3483.6 3485.0 

1908 5983.6 6319.6 5972.2 5494.0 4127.2 3128.1 3920.9 4077.0 

1909 7560.5 6580.6 5914.5 4977.5 3539.5 2760.9 3335.7 2878.4 

1910 7252.5 2896.9 4468.8 3920.6 2126.2 3037.1 2611.3 3132.5 

1911 4723.8 4483.7 4441.4 4168.6 2905.0 2237.9 2405.1 2190.6 

1912 7517.6 3895.2 4994.2 4195.0 3869.6 3458.0 3260.6 3237.8 

1913 6752.4 4033.7 4770.8 4097.5 2515.9 2793.5 2781.6 4015.1 

1914 2929.3 4075.5 4948.5 4808.4 3118.8 2991.0 3223.1 3012.5 

1915 5085.1 4142.2 6978.4 5135.5 3487.0 2683.1 2607.1 3066.5 

1916 4841.6 4755.6 5432.1 5300.1 3346.0 3189.3 3069.7 3593.7 

1917 3176.9 3856.1 3951.4 3534.4 2409.9 2774.4 1804.7 2105.7 

1918 3641.7 4246.6 4498.6 4191.8 2567.7 2468.2 1810.5 2291.4 

1919 4110.8 2305.7 3408.9 3615.5 3208.8 2891.4 1740.5 2479.5 

1920 2694.7 2260.8 3043.9 3030.2 3121.1 2808.7 1441.8 1832.1 

1921 3404.3 2593.6 4526.4 3735.0 3014.6 2876.2 1864.6 2429.3 

1922 2546.2 2802.5 2755.2 2688.6 3396.9 2406.3 1736.8 2369.0 

1923 2497.4 2430.0 4787.5 4225.8 3754.8 3289.4 1933.7 2578.7 

1924 2039.9 1750.1 2827.0 2932.7 1906.2 2474.0 1267.1 2537.1 

1925 2752.6 2745.3 3706.4 2679.9 2950.2 2175.9 711.5 1801.5 
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1926 2677.0 2497.5 3179.1 4391.3 3121.4 2898.9 673.9 1496.8 

1927 1614.6 1685.4 3280.1 2216.1 1856.2 2681.4 674.6 859.8 

1928 1397.4 2021.0 3162.2 3514.2 2645.5 2539.1 1119.7 659.5 

1929 1399.0 1281.1 2866.0 1718.3 1669.7 1942.9 1121.8 770.5 

1930 2582.9 2053.0 3541.9 3358.0 1281.9 2016.8 1162.7 937.1 

1931 2064.8 2726.5 4182.3 2809.2 1869.4 2254.2 1028.9 1270.4 

1932 1930.3 1856.0 3039.3 2932.0 1238.9 1449.7 1303.2 922.5 

1933 2265.2 1859.2 2601.6 2104.0 1242.2 1421.9 1071.9 1090.5 

1934 2130.9 2639.5 3737.6 3405.0 1418.7 2413.4 1601.7 2020.5 

1935 1385.7 1529.7 2758.0 2369.1 1092.8 1418.2 1429.4 1171.2 

1936 1193.0 1454.0 2721.9 2421.6 1443.6 1787.6 1668.6 1155.0 

1937 1610.9 2445.0 3780.2 2818.9 1605.1 1761.6 2107.0 1307.0 

1938 2114.1 2346.2 3132.8 2943.5 1698.1 1869.0 1837.1 1272.6 

1939 1560.1 2220.5 3604.7 2445.4 1721.6 1960.9 1406.2 1237.9 

1940 2204.2 3850.9 3204.3 2869.6 1763.0 2003.2 1329.9 1109.0 

1941 3075.6 4180.6 4399.6 3507.5 2035.2 2300.3 1551.8 1771.3 

1942 3700.8 3086.4 4422.3 2494.1 1705.3 2073.4 1595.5 1947.3 

1943 3430.2 3518.9 3976.0 3367.9 1657.6 2271.0 1699.7 2049.0 

1944 2508.2 2732.8 4064.9 3239.8 1663.0 1800.7 1222.5 1961.0 

1945 2711.1 2020.7 3539.7 3676.8 1183.5 1842.1 1305.3 1699.8 

1946 3567.1 1704.5 4195.0 3549.8 1150.2 1710.8 1307.9 1455.4 

1947 2554.0 1893.9 3832.9 3397.3 1080.7 1612.7 1189.5 1247.7 

1948 2701.4 1977.3 2771.7 2980.2 1010.7 1426.5 1232.1 1462.2 

1949 1709.1 1525.4 2828.1 2319.4 686.9 1430.7 586.6 1021.8 

1950 1568.7 1473.8 3222.2 2229.3 706.0 1014.5 769.4 1332.9 

1951 1742.0 1959.1 3547.8 2740.1 870.2 1244.8 1135.6 1762.5 

1952 1887.4 1747.2 3124.6 1831.3 1089.8 1265.6 1300.2 1845.5 

1953 1832.8 1830.7 2842.9 1955.8 727.8 1321.8 875.0 1305.0 

1954 2581.8 1294.0 3950.6 2056.8 911.1 1998.1 815.0 1346.9 

1955 1982.8 1052.5 3182.1 1697.2 748.3 1490.5 509.9 840.9 

1956 2014.6 1296.6 2332.1 2089.4 657.9 1441.5 632.8 1234.1 

1957 1671.6 1622.8 3496.5 2045.3 622.1 1356.3 592.5 1334.8 

1958 2078.0 2086.0 3236.9 1952.0 842.8 1610.8 818.1 1475.6 

1959 2341.6 1410.8 2577.4 1613.4 734.0 1490.0 1085.6 946.2 

1960 1418.6 1167.9 1987.2 2131.0 587.9 1151.9 1190.0 414.4 

1961 2029.1 1196.3 1991.3 1546.1 588.5 1371.2 1253.9 968.1 

1962 3398.4 1715.0 2369.9 1524.0 607.6 1103.2 1338.7 1326.2 

1963 3115.5 1853.9 2500.7 1723.5 479.2 851.6 1258.7 1468.0 

1964 2304.8 1938.8 2080.4 1973.5 664.2 1216.4 1923.5 2148.7 

1965 2542.8 1887.2 2210.4 1779.6 517.2 1219.2 1575.9 2076.0 

1966 1902.9 1342.0 2316.1 2154.7 314.2 838.7 1163.5 1782.0 

1967 761.9 1178.9 1462.9 1315.0 332.9 1096.0 853.1 1324.7 

1968 1495.7 1097.7 1616.7 1540.5 444.2 1079.9 749.9 2092.9 
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1969 1703.0 1181.1 1872.5 1841.8 518.7 1412.6 479.6 1170.2 

1970 1322.7 989.8 1444.7 1246.4 352.3 772.1 876.6 1212.7 

1971 1147.4 908.0 1522.9 1298.0 315.4 939.0 1505.3 728.7 

1972 1001.1 991.3 1499.7 1499.7 371.3 866.8 1634.4 1216.4 

1973 1149.2 1019.7 1629.3 1451.9 315.8 646.4 1364.9 1178.0 

1974 1179.7 717.1 1631.9 1203.2 539.1 739.7 1178.1 935.8 

1975 796.8 827.9 1148.9 1656.7 781.7 666.6 1580.8 1079.8 

1976 974.5 939.0 1661.8 1584.0 521.7 1094.2 2049.8 1674.1 

1977 797.9 718.5 895.9 830.7 223.8 520.1 1652.6 1637.3 

1978 1597.1 995.6 1409.4 1663.4 746.5 1227.8 2209.4 3039.7 

1979 1421.2 1024.1 1745.2 2070.5 691.4 932.0 2685.9 2433.4 

1980 1630.2 1496.2 1413.7 1998.8 448.9 896.2 3231.9 2919.2 

1981 2047.8 1775.6 1415.6 1419.2 411.8 897.6 2901.6 3557.0 

1982 2318.6 2362.2 1340.1 1853.0 843.4 861.6 2437.5 2904.9 

1983 2173.4 2812.8 1935.9 1958.2 694.4 1088.2 2792.5 2769.9 

1984 1938.0 1813.6 2068.8 1885.4 432.1 902.2 3608.8 3393.2 

1985 1582.2 2095.9 1865.4 2221.0 526.5 1224.1 3057.0 3091.2 

1986 3259.5 4791.9 2388.3 2481.9 771.8 1359.0 2827.7 3552.2 

1987 2637.0 3401.8 1638.5 1384.2 527.7 1532.7 1846.9 3034.2 

1988 2401.5 2762.0 1536.8 2362.6 811.3 1119.0 1388.1 2660.0 

1989 2225.0 2654.9 1512.8 2161.8 661.2 1178.3 1744.2 3079.5 

1990 2891.6 2887.1 1567.2 2501.8 680.9 1409.5 2302.1 4089.9 

1991 3048.4 2978.9 1333.9 1783.3 871.2 1068.9 1997.7 3044.0 

1992 2812.6 3982.6 1335.6 1864.0 663.8 1204.9 2158.8 4457.6 

1993 2848.4 2395.5 1284.7 1503.9 911.6 1130.7 1874.2 3338.4 

1994 2732.4 2771.7 1207.4 1376.1 779.8 1402.0 1811.5 3087.6 

1995 2767.9 2691.6 1182.5 1403.9 723.7 1289.7 1793.2 2789.4 

1996 3047.7 4076.6 1499.6 1744.4 1087.2 1447.1 2202.1 3712.4 

1997 3482.0 4060.4 2108.2 2217.1 783.3 1295.7 2095.3 2633.7 

1998 2877.3 3754.7 1451.7 1646.2 1033.3 1414.9 1648.5 3158.6 

1999 3067.0 3910.4 1268.5 1936.8 1169.4 1418.3 1516.0 2855.6 

2000 2642.7 4329.2 1455.3 2255.2 787.3 1363.1 1337.3 3770.5 

2001 2246.8 3642.6 821.1 1392.2 807.6 799.8 1498.6 2266.2 

2002 2558.7 5702.1 1086.9 1420.2 1271.4 1426.7 1683.5 2568.3 

2003 2532.1 4725.9 1061.4 2002.0 1351.4 1116.3 2577.3 3056.0 

2004 2195.8 5361.9 956.1 1688.7 947.8 1079.1 2150.1 3067.3 

2005 2199.0 5205.0 1063.3 1611.9 813.6 1592.7 2293.4 3193.7 

2006 2698.9 5313.7 1037.7 2276.5 756.5 1103.5 2460.9 2974.8 

2007 2952.5 3424.4 958.7 1511.4 1049.0 1441.5 2352.6 3031.6 

2008 1618.5 2655.9 906.2 1593.2 778.2 910.1 1942.4 2065.8 

2009 1433.2 2720.7 960.3 1409.2 818.2 1288.2 1970.0 2233.8 

2010 2339.5 3835.8 1094.7 1517.5 819.3 1271.0 2509.6 2730.3 

2011 2218.0 4207.2 1256.1 1519.5 840.0 2130.7 2820.4 3912.0 
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2012 2753.5 5155.5 963.1 1842.2 1507.1 1857.8 3931.2 2774.7 

2013 6244.6 6993.6 1339.0 1979.0 1412.6 1883.2 4561.6 4533.5 

2014 8196.2 13658.9 2441.0 3055.4 4791.5 3924.4 10004.4 7559.6 

2015 8048.1 25109.2 4466.2 5865.6 7527.2 5188.4 11587.8 11361.9 

2016 10324.9 19711.4 3996.5 4188.7 5108.4 2834.4 7441.6 9522.7 

2017 7562.1 16451.4 3983.1 3579.0 6167.3 4243.5 12394.5 9643.9 

2018 6371.5 17329.0 4269.1 2936.4 13339.9 8005.7 11207.8 10438.7 

2019 6007.8 8070.0 3956.5 4719.0 8618.7 8015.6 7761.0 8184.8 

 

Table 5.3 - NADP precipitation isotopic data and onsite precipitation data. Start date 

indicates the beginning of sampling period, samples were collected on end date. 

Sample ID 18O D lc-excess Start Date End Date PPT amount (mm) 

TT4530SW -8.0 -60 -4 9/25/2018 2018-10-02 2.286 

TT4649SW -10.2 -71 3 10/2/2018 2018-10-09 46.482 

TT6391SW -11.6 -84 0 11/20/2018 2018-11-27 87.63 

TT6788SW -12.8 -88 5 11/27/2018 2018-12-04 50.8 

TT6890SW -12.5 -87 4 12/4/2018 2018-12-11 11.43 

TT7162SW -13.0 -94 0 12/11/2018 2018-12-18 85.852 

TT8351SW -13.8 -99 1 12/18/2018 2019-01-29 302.006 

TT8725SW -19.2 -143 -2 1/29/2019 2019-02-05 75.438 

TT9017SW -13.3 -84 12 2/5/2019 2019-02-12 37.084 

TT9106SW -13.0 -95 0 2/12/2019 2019-02-19 33.782 

TT9572SW -18.4 -136 -1 2/27/2019 2019-03-05 87.376 

TU0078SW -14.4 -102 3 3/5/2019 2019-03-12 36.068 

TU0010SW -11.8 -84 1 3/12/2019 2019-03-19 2.286 

TU0925SW -11.9 -90 -4 3/19/2019 2019-03-26 71.628 

TU0675SW -11.5 -83 0 3/27/2019 2019-04-02 28.956 

TU0783SW -9.8 -68 2 4/2/2019 2019-04-09 35.56 

TU1362SW -8.8 -63 -1 4/16/2019 2019-04-23 12.446 

TU1541SW -6.7 -40 7 4/23/2019 2019-04-30 9.398 

TU1867SW -8.9 -62 1 4/30/2019 2019-05-07 2.54 

TU2265SW -16.6 -126 -5 5/14/2019 2019-05-21 72.898 

TU2601SW -12.3 -96 -7 5/21/2019 2019-05-28 69.088 

TU2886SW -13.0 -96 -2 5/28/2019 2019-06-04 40.894 

TU6376SW -3.0 -31 -12 9/3/2019 2019-09-10 2.794 

TU6626SW -9.8 -65 5 9/10/2019 2019-09-17 37.592 

Serpa-P2B -22.4 -171 -6 2/7/2019 2/14/2019 N/A 

Serpa-P1A -15.4 -113 0 1/24/2019 1/31/2019 N/A 
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Table 5.4 - Soil and xylem water isotopic data. 

Sample 18O D lc-excess Tree_ID 

Sample 

Date Treatment Type Depth (cm) 

1 -14.3 -109 -6 GT3 4/20/2020 GS soil 0-50 

2 -17.3 -129 -3 GT3 4/20/2020 GS soil 50-100 

3 -13.2 -100 -4 GT4 4/20/2020 GS soil 0-50 

4 -15.0 -113 -3 GT4 4/20/2020 GS soil 50-100 

5 -16.6 -122 -1 DT2 4/20/2020 DIV soil 0-50 

6 -16.8 -126 -3 DT2 4/20/2020 DIV soil 50-100 

7 -13.2 -114 -19 DT4 4/20/2020 DIV soil 0-50 

8 -17.9 -139 -8 DT4 4/20/2020 DIV soil 50-100 

9 -15.5 -118 -5 CT5 4/20/2020 CON soil 0-50 

10 -14.6 -116 -9 CT5 4/20/2020 CON soil 50-100 

11 -14.0 -103 -2 CT6 4/20/2020 CON soil 0-50 

12 -16.7 -126 -4 CT6 4/20/2020 CON soil 50-100 

13 -16.3 -122 -3 GT3 4/20/2020 GS xylem N/A 

14 -14.1 -113 -11 GT3 6/28/2020 GS soil 0-50 

15 -18.1 -142 -9 GT3 6/28/2020 GS soil 50-100 

16 -12.3 -107 -19 GT4 6/28/2020 GS soil 0-50 

17 -16.1 -122 -4 DT2 6/28/2020 DIV soil 0-50 

18 -17.1 -129 -4 DT2 6/28/2020 DIV soil 50-100 

19 -14.6 -117 -11 DT4 6/28/2020 DIV soil 0-50 

20 -14.6 -116 -10 CT5 6/28/2020 CON soil 0-50 

21 -17.8 -134 -4 CT5 6/28/2020 CON soil 50-100 

22 -13.7 -108 -8 CT6 6/28/2020 CON soil 0-50 

23 -17.2 -125 1 CT6 6/28/2020 CON soil 50-100 

24 -18.1 -138 -5 DT2 6/28/2020 DIV xylem N/A 

25 -14.8 -119 -11 DT4 6/28/2020 DIV xylem N/A 

26 -16.9 -126 -2 CT5 6/28/2020 CON xylem N/A 

27 -12.2 -100 -12 GT3 9/20/2020 GS soil 0-50 

28 -15.0 -121 -11 GT3 9/20/2020 GS soil 50-100 

29 -11.8 -99 -14 GT4 9/20/2020 GS soil 0-50 

30 -12.7 -104 -12 GT4 9/20/2020 GS soil 50-100 

31 -14.6 -119 -13 DT2 9/20/2020 DIV soil 0-50 

32 -16.2 -122 -4 DT2 9/20/2020 DIV soil 50-100 

33 -12.9 -105 -12 DT4 9/20/2020 DIV soil 0-50 

34 -15.7 -122 -8 DT4 9/20/2020 DIV soil 50-100 

35 -13.4 -104 -7 CT5 9/20/2020 CON soil 0-50 

36 -14.0 -108 -6 CT5 9/20/2020 CON soil 50-100 

37 -12.9 -111 -18 CT6 9/20/2020 CON soil 0-50 
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38 -16.1 -122 -4 CT6 9/20/2020 CON soil 50-100 

39 -18.3 -143 -9 GT3 9/20/2020 GS xylem N/A 

40 -17.7 -126 4 GT4 9/20/2020 GS xylem N/A 

41 -16.4 -128 -8 DT2 9/20/2020 DIV xylem N/A 

42 -19.0 -146 -6 DT4 9/20/2020 DIV xylem N/A 

43 -12.9 -103 -9 CT5 9/20/2020 CON xylem N/A 

44 -16.6 -131 -10 CT6 9/20/2020 CON xylem N/A 

 


