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ABSTRACT 

 Thanks to recent developments in GNSS technologies, affordable consumer-grade GNSS 

receivers have been available for use in general forest activities. Especially, non-traditional 

consumer-grade GNSS receivers, which include smartphones and GPS watches, have garnered 

attention due to their usability and price range. However, there are still knowledge gaps 

regarding the positional error of non-traditional consumer-grade GNSS receivers, its effect on 

spatial point pattern analysis, and how nearby environmental conditions influence positional 

error. Therefore, three studies were developed to address this knowledge gap. The first study 

investigated the positional accuracy of a GPS watch by comparing it to a mapping-grade GNSS 

in different forest types, seasons, and meteorological conditions. The positional accuracy of the 

GPS watch was not significantly different in different forest types but was significantly different 

across seasons. The GPS watch provided a similar level of positional accuracy as the mapping-

grade GNSS receiver during the leaf-off season. This study also confirmed a weak but significant 

correlation between positional accuracy and meteorological conditions (air temperature and 

absolute humidity). The second study was conducted to evaluate the feasibility of common 

methods to establish tree locations, and used spatial point pattern analysis to assess whether the 

pattern of trees in a forest, described by GNSS data, was consistent with the original pattern of 



 

 

trees. This study confirmed that spatial information of trees collected by GNSS technology, 

without offending practicality of the data collection effort, failed to represent the original point 

pattern of trees in a real-world environment. This study also suggested that the inherent 

positional error of GNSS receivers might then mislead the results of spatial point pattern analysis 

if data are collected using normal field data collection protocols. The third study was conducted 

to assess the effect of nearby forest variables on positional accuracy of data collected by GNSS 

receivers. Correlation analysis was used to determine whether positional accuracy of data 

collected by various GNSS receivers was based on the vicinity and size of nearby trees. Some of 

statistically significant correlations were observed, but it was confirmed that the problem may be 

much more complicated to allow a generalization of the effects of forest conditions on positional 

accuracy, as the results were not consistent across GNSS receivers tested. Results of these 

studies expand upon the possibilities and limitations of using consumer-grade GNSS receivers in 

forested areas without significant augmentation methods.  
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                                                                   CHAPTER 1 

 

Introduction 

 

 Global Navigation Satellite Systems (GNSS) assist society in understanding where a 

person, animal, or vehicle may be located on Earth. The term Global Navigation Satellite 

Systems (GNSS) represents the broader collection of satellites used for navigating and 

determining locations on Earth. Nowadays, GNSS is considered as important infrastructure to 

our society as it has been incorporated into various systems and user applications, including 

transportation systems, power grid systems, communication systems, banking operations, safety 

of life, and advanced technologies (timing, scientific survey, earth observation, network 

synchronization) (Ioannides et al. 2016, Sanou 2013). As GNSS becomes integrated into more 

expansive applications, it is expected that its importance will continue to increase. Pham (2011) 

estimated its direct economic benefit on commercial usage was over $67.6 billion per year in the 

United States alone. The entire market of GNSS products and services is also expected to grow, 

with world-wide revenue expected to increase to about $300 billion in 2029 (GSA, 2019). 

     

In North America, GNSS is colloquially referred to as GPS, which refers to the United States' 

NAVSTAR Global Positioning System. GNSS represents therefore the broader collection of 

satellite constellations that allow navigation, timing, and positioning on Earth. A person's 

location on Earth is determined using the electromagnetic waves emitted from the satellites and a 

method similar to trilateration, where the signals are decoded, and distances and directions are 

used to determine positions. Each satellite constellation emits electromagnetic waves at the speed 



 

 

2 

 

of light, with 19-25 cm wavelengths and frequencies (1.2 and 1.6 GHz) not overlapping other 

constellations (Teunissen and Montenbruck 2017). GNSS signals are unique and are modulated 

harmonic radio waves that contain a characteristic pseudorandom noise (PRN) code. The PRN 

code is a unique binary sequence of values that are repeated continuously with a certain interval. 

In addition, a set of information (ephemeris and signal propagation time) is embedded within 

each signal. As it has a unique pattern, each electromagnetic wave of energy emitted by a GNSS 

satellite plays a role as a fingerprint to help not only distinguish the satellite from which it came, 

but also to trilaterate a position on Earth. Based on the information contained within the signals 

from orbiting GNSS satellites, the distance between a GNSS receiver and a GNSS satellite is 

calculated. Theoretically, at least three of satellites are necessary to determine the location on the 

Earth, yet to determine a position accurately, information from a fourth satellite is necessary to 

distinguish between two alternative scenarios described by the intersection of three satellite 

signals, and to compensate for the receiver clock error (Figure 1.1). The GNSS receivers 

calculate the signal travel time using a “tracking loop” process which compares signals 

interpreted by a GNSS receiver to the signals emitted by a GNSS satellite (Teunissen and 

Montenbruck 2017).    
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Figure 1.1 Concept of trilateration. The location of GNSS receiver determined using trilateration 

(range-based positioning) (A). The distance between satellites and receiver is calculated by 

multiplying signal propagation time by its velocity. Since there are two alternative positions 

determined through the signals of three orbiting satellites, at least four of satellites are necessary 

to locate the actual ground position (x, y, z) (B).   

 

A general GNSS constellation system consists of three components: space segment, control 

segment, and user segment. The space segment refers to the groups of satellites transmitting the 

electromagnetic signals. For example, the NAVSTAR GPS program (operated by the United 

States) currently includes 30 of operational satellites, and each satellite orbits Earth twice a day 

at an altitude of about 20,200 km. The control segment includes ground facilities tracking the 

satellites, analyzing the information collected, and providing guidance to adjust satellite paths. 

The control segment of the NAVSTAR GPS program is now operated by the U.S. Space Force in 

Colorado Springs. The user segment refers to the multitude of GNSS receivers that access the 

signals emitted by these satellites. Nowadays, various kinds of GNSS receivers are available and 

they are generally classified into three groups: survey-grade, mapping-grade, and consumer-

grade (Danskin et al. 2009b, Bettinger and Merry 2011, Lee et al. 2020). The more expensive 



 

 

4 

 

GNSS receivers generally guarantee higher horizontal positional accuracy, but the less-

expensive, lower-grade GNSS receivers also provide relatively good horizontal position 

accuracy (5-10 m) in certain conditions thanks to continuous developments in GNSS 

technologies (Lee et al. 2022). Indeed, consumer-grade GNSS receivers such as smartphones and 

GPS watches have garnered attention due to their accessibility and price range (Keefe et al. 

2019, Paziewski 2020). 

 

Several GNSS satellite constellations have been deployed by different countries, including 

NAVSTAR GPS, GLONASS (Russia), BDS (BeiDou, China), Galileo (Europe), NavIC (India), 

and QZSS (Japan). Before the deployment of NAVSTAR GPS, the “Transit” system was 

developed in the United States. Transit, which became operational in 1964, was perhaps the 

world’s first satellite-based positioning system that had a global reach (Parkinson et al. 2010). 

When its last pair of satellites were launched in 1988, there were 24 satellites in the Transit 

system, and it operated until 1996.  

 

NAVSTAR GPS was developed for military and civilian purposes by the US Department of 

Defense, and until recently, it was managed by the U.S. Air Force. The first Block I NAVSTAR 

GPS satellites were launched in 1978. By 1995, 24 satellites were deployed and were fully 

operational. The system originally was designed to utilize two different frequencies, L1 (1575.42 

MHz) and L2 (1227.6 MHz). The L1 frequency contains encrypted precision (P) code for 

authorized users and Coarse/Acquisition (C/A) code for civilian users. The L2 frequency is used 

only for authorized users. The C/A code was once intentionally degraded through selective 

availability (SA) until it was effectively turned off in 2000 (Keefe et al. 2019, Teunissen and 
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Montenbruck 2017). In more recent NAVSTAR GPS satellites, three new signals have been 

designed for civilian use: L2C, L5, and L1C. The program continuously deploys a new 

generation of satellites to replace the old satellites, and at any one time there are about 30 

operational satellites in the constellation (U.S. Department of Commerce, National Oceanic 

Atmospheric Administration 2022). With regard to the control segment, the NAVSTAR GPS 

program has 29 ground control facilities that include the master control station in Colorado, an 

alternative master control station (California), 11 command and control antennas, and 16 

monitoring sites.   

 

The GLONASS (Global’naya Navigatsionnaya Sputnikovaya Sistema) program refers to the 

Russian satellite constellation. Although Russia launched its first satellite in 1957, their first 

navigation satellite was launched in 1967 (Roskosmos State Corporation, n.d.). Later, the 

“Cicada” system consisted of four satellites, which were deployed in 1979 to allow people to 

receive signals from one of the satellites every hour and a half or two hours. The first satellite in 

the GLONASS program was launched in 1982. The program became fully operational, with 24 

of satellites, in 1996. Due to economic difficulties encountered in Russia, however, the number 

of operational satellites decreased over time so that only 7 were operational in 2002 (Roskosmos 

State Corporation, n.d.). With the advent of federal program “Global navigation system for 2002-

2011”, the program has since recovered to 24 operating satellites (Li et al. 2015). Satellites in the 

GLONASS program orbit at an altitude of 19,100 km and transmit signals on two different 

frequencies that include L1 (1620-1615.5 MHz) and L2 (1246-1256.5 MHz). The satellites that 

were launched from 2011 and 2014 also provide a new L3 frequency (1202.025 MHz). In 

addition, GLONASS satellites use frequency division multiple access and code division multiple 
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access methods to transmit information over a broad frequency range (Teunissen and 

Montenbruck 2017).  

 

The Galileo program is a joint initiative of the European Commission (EC) and the European 

Space Agency (ESA). The program was developed due to a perceived need for independence 

from the NAVSTAR GPS and GLONASS programs (Bettinger and Merry, 2011, Teunissen and 

Montenbruck 2017). The first Galileo satellite was launched in 2011, and currently there are 26 

of satellites in the constellation (European Space Agency, 2019). Satellites in the Galileo 

program are designed to orbit at an altitude of 23,222 km. Galileo became operational in 2016 

and its satellites transmit signals across five frequencies: E1 (1575.46 MHz), E6 (1278.75 MHz), 

E5 (1191.795 MHz), E5a (1176.45 MHz) and E5b (1207.14 MHz)) (Keefe et al. 2019, Teunissen 

and Montenbruck 2017).    

 

The Chinese navigational system, BeiDou (BDS), was initiated in 1980. Initially, the BeiDou 

program was a regional navigational system that consisted of four GEO (Geostationary) satellites 

that were launched between 2003 and 2007. The BeiDou-1 program was eventually replaced by 

the BeiDou-2 program to provide service to the Asia-Pacific region. The BeiDou-2 program was 

formerly known as COMPASS. The current BeiDou satellite navigation program, BDS-3, 

consists of 30 satellites that have provided global service since 2020 (China Satellite Navigation 

Office 2020, Keefe et al. 2019, Liu et al. 2022). The current program consists of three GEO 

satellites (35,786 km), three IGSO (inclined geosynchronous orbit) satellites (35,786 km), and 24 

MEO (medium Earth orbit) satellites (21,528 km). Satellites in the BeiDou-3 program can 
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transmit signals in the L1/E1 and L5/E5 frequencies in addition to a B3 (1268.52 MHz) band 

(Teunissen and Montenbruck 2017).   

 

In addition to the global navigation satellite systems mentioned above, there are two important 

regional navigation satellite systems, QZSS (Japan) and NavIC (India). The QZSS (Quasi-Zenith 

satellite system) program has been operational since 2018, and contains four of satellites called 

“Michibiki.” It was designed to work as a complementary system to NAVSTAR GPS to ensure 

that a sufficient number of satellite signals were available in the urban canyons (cities with tall 

buildings) of the Asia-Oceania region (Cabinet Office, Government of Japan 2022). The QZSS 

satellites transmit signals that include: L1-C/A (1575. 42 MHz), L1C (1575.42 MHz), L2C 

(1227.6 MHz), L5 (1176.45 MHz), L1-SAIF (1575.42 MHz), and LEX (L-band Experiment, 

1278.75 MHz), a QZSS experimental signal for high precision (3 cm level) service, sharing a 

frequency of the Galileo E6 signal. The NavIC (Indian Regional Navigation Satellite System) 

program provides two services: standard positioning service (SPS) and restricted service (RS). 

There are eight satellites orbiting in the system, including three GEO satellites and five GSO 

(Geosynchronous orbit) satellites (Department of Space, Indian Space Research Organisation 

2022). NavIC satellites transmit dual frequency signals using 1176.45 MHz and 2492.028 MHz 

frequencies (Teunissen and Montenbruck 2017). In addition to these, South Korea also is 

developing its own satellite system, KPS (Korea positioning system), and plans to operate a 

regional program for East Asia and Oceania with seven geosynchronous satellites (Ji et al. 2021). 

Several signal augmentation processes may be used to enhance the accuracy of GNSS-

determined positions on Earth. These processes can be classified as satellite-based augmentation 

systems (SBAS) and ground-based augmentation systems (GBAS) (Bettinger and Merry 2011, 
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Keefe et al. 2019). A SBAS refers systems where reference stations transmit a correction 

message to SBAS satellites, which then broadcast these to end users (Keefe et al. 2019). SBASs 

include WAAS (Wide Area Augmentation System), SDCM (System for Differential Correction 

and Monitoring), EGNOS (European Geostationary Navigation Overlay Service), MSAS 

(Multifunctional Transport Satellite (MTSAT) Satellite-based Augmentation System), and 

GAGAN (GPS-aided GEO Augmented Navigation System). WAAS is a regional SBAS 

program, and covers the continental United States, Alaska, Canada and Mexico. The WAAS 

program is managed by the U.S. Federal Aviation Administration and consists of three geo-

stationary satellites, and multiple ground facilities that include 38 wide-area reference stations, 

three master stations, six ground uplink stations, and two operational control centers (U.S. 

Department of Commerce, National Oceanic Atmospheric Administration 2022). It utilizes the 

L1 and L5 bands to transmit correction messages to end users. The EGNOS program is 

maintained by the ESA and contains fours satellites that transmit correction messages using the 

L1 and L5 bands. The MSAS program was developed and maintained by Japan, and has one 

satellite broadcasting on the L1 band. The GAGAN program is maintained by the government of 

India, and three satellites in the system transmit correction messages using the L1 and L5 bands. 

The Russian program, SDCM, will use the L1 band when its three satellites are fully operational 

(Teunissen and Montenbruck 2017).  

 

GBAS programs provide correction messages directly to end users from reference stations 

through radio or mobile data networks (Keefe et al. 2019). A GBAS is a form of differential 

GNSS that provides near real-time correction information between satellite pseudoranges and the 

generated pseudoranges by local base station (Bettinger and Merry 2011, Teunissen and 
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Montenbruck 2017). The correction messages are broadcast to end users directly via very high 

frequency (VHF, 30-300 MHz) or ultrahigh frequency (UHF, 300 MHz and 3 GHz) signal 

ranges (Teunissen and Montenbruck 2017). Perhaps the best examples of GBAS programs are 

Differential Global Positioning System (DGPS) and Real-Time Kinetic (RTK) augmentation. 

DGPS is a classic technique that was developed in the 1980s using fixed location reference 

stations. It compares data collected by a reference station to a true reference station ground 

position, then provides correction values that improve the positional accuracy of roving GPS 

receivers by reducing residual satellite and receiver clock error, satellite orbit error, and 

atmospheric propagation delay error (Teunissen and Montenbruck 2017). Information from 

DGPS base stations can be used in near real time or well after ground data have been collected, 

and base stations as far as 320 km from a field location may provide useable correction 

information. An RTK program is similar to a DGPS program, but is more localized (the base 

station is usually within 16 km of the field locations), and it receives and transmits carrier phase 

signals in addition to pseudoranges (Keefe et al. 2019). With either system, the effect of 

augmentation on position accuracy generally degrades with increasing distance between the 

reference station and end user (receiver) (Teunissen and Montenbruck 2017).      

 

Error sources that deteriorate the accuracy of positions determined by GNSS receivers can be 

divided into two categories, depending on whether they are related to user equipment error 

(UEE) or signal-in-space range error (SISRE) (Liu et al. 2022, Teunissen and Montenbruck 

2017). The error sources related to UEE include signal noise, multipath, and uncorrected 

atmospheric error (ionospheric and tropospheric delay) (Liu et al. 2022, Montenbruck et al. 

2015). The error sources related to signal-in-space range error (SISRE) include errors in 
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ephemeris and clock conditions which, while periodically present, may be ameliorated by the 

space and ground segments of a GNSS program (Liu et al. 2022, Montenbruck et al. 2015). 

Atmospheric conditions propagate delays in GNSS signals, by changing their speed and direction 

of travel. These issues create signal noise (distortion) that occurs as satellite signals travel from 

about 20,000 km above Earth, through Earth's ionosphere and troposphere, to GNSS receivers. 

Some suggest that more than 50% of positional error occurs due to atmospheric propagation 

delays (Paziewski 2020). The neutral atmosphere is the part of atmosphere that is electrically 

neutral and stretches from ground level up to a height of 50 km and beyond (Teunissen and 

Montenbruck 2017). As most of the neutral atmospheric effects occur in the troposphere, it is 

referred to as tropospheric propagation delay. The resulting effects are different depending 

various factors such as the location or height of GNSS receivers, the weather conditions 

(temperature, pressure, and humidity), and the elevation angle (Bettinger and Merry 2011, 

Teunissen and Montenbruck 2017). Otherwise, the ionosphere is the upper atmosphere where 

free electrons exist ionized by radiations such as solar extreme ultraviolet (EUV) and x-rays 

(Guerova et al. 2016, Teunissen and Montenbruck 2017). The ionosphere is a dispersive medium 

for electromagnetic waves that attempt to pass through, and its effect is different depending on 

the frequency of electromagnetic waves and the electron density (total electron content, TEC) 

(Teunissen and Montenbruck 2017). In addition, its effect can be influenced by geographic 

location, local time, season, solar EUV flux, and magnetic activity as signals are affected the 

electrons existing in ionosphere. However, dual- or multi-frequency receivers can compensate 

ionosphere delay relatively easily (Paziewski 2020, Tomaštík and Varga 2021, Tomaštík et al. 

2021, Zangenehnejad and Gao 2021).  
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Multipath error occurs when the signals from GNSS satellites are distorted by reflection or 

bouncing off of other objects. Therefore, the potential for multipath error depends on 

environment conditions (Teunissen and Montenbruck 2017), and it has been suggested to be the 

largest source of error in forested conditions (Danskin et al. 2009a). As long as a GNSS receiver 

is used in a forested area or urban canyon, multipath cannot easily be resolved. Various 

equipment can be employed to mitigate the impact of multipath error, such as an anechoic 

chamber, a choke ring antenna, or a radio frequency shield box or plate (Danskin et al. 2009, 

Fortunato et al. 2019, Gogoi et al. 2019, Li and Geng 2019, Tomaštík and Varga 2021), but these 

are not common and are often cumbersome to carry over long distances and long periods of time.  

Errors attributable to SISRE involve deviations in satellite position from the predicted ephemeris 

of satellite, due to the Earth’s gravitational attraction, tidal forces, and solar radiation pressure 

(Teunissen and Montenbruck 2017). Clock errors can occur when a receiver clock does not 

synchronize exactly with the satellite clock (Bettinger and Merry 2011). This could happen 

because the clock in a GNSS receiver is not as stable as the atomic clock in a satellite. However, 

these SISRE effects are usually relatively small (i.e., represent less than a meter of positional 

error) (Teunissen and Montenbruck 2017).   

 

The data obtained by GNSS receivers inherently contains a certain amount of positional error 

due to various error sources mentioned above. There are several common methods to evaluate 

the accuracy of positions determined by GNSS receivers, and they are often divided into two 

types: static positional accuracy and dynamic positional accuracy. Static accuracy assessments 

are conducted by comparing the observed positional information to known controls (true 

positions) while the GNSS receiver is held over the control point (Bettinger and Merry 2011). 



 

 

12 

 

Common measures to assess static positional accuracy include the root mean square error 

(RMSE), the root squared error of the mean (RSEM), and the circular error probable (CEP). The 

RMSE associated with field-collected GNSS data is the most frequently presented in accuracy 

assessments; it is calculated as the square root of the mean squared distance between a GNSS-

determined position and a control point or true position (Lee et al. 2020, Ransom et al. 2010, 

Weaver et al. 2015). However, a general RMSE provides no information regarding direction of 

the error as it represents the deviation from the truth. The RSEM can be generated by calculating 

the distance between the average position of GNSS-determined points and their related control 

point (Bettinger and Fei 2010, Lee et al. 2020, Ransom et al. 2010). Here, the average position is 

equivalent to the mean center of observed points. Therefore, RSEM is useful for tracking 

directional trends in the distribution of observed points. The CEP is reported as the radius of a 

circle centered on the control point that contains a certain percentage of GNSS-determined 

positions (i.e., CEP50 is the radius of a circle containing 50% of GNSS-determined positions) 

(Bettinger and Merry 2011, Teunissen and Montenbruck 2017). Dynamic accuracy assessments 

are more complex and are evaluated by comparing the route or area observed by GNSS receivers 

to a real route (truth) or area. The difficulty lies in marking the real route or area in forest 

conditions, and then ensuring GNSS data is collected directly on top of the line defining the 

route or area boundary. In assessing dynamic accuracy, one can estimate the percentage of 

GNSS-determined points (vertices of lines or areas) that fall within specific buffers (e.g., 1 m, 2 

m, etc.) that are created around the real route or area (i.e., Schipperijn et al. 2014, Ucar et al. 

2014).  
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Objectives of the Dissertation  

 

GNSS technology is an essential component of forest management, and it is used for various 

purposes that include navigation and position determination (Bettinger at al. 2019). The 

application of GNSS technology in forestry can be further described based on its use as a 

geofence or for activity recognition (Keefe et al. 2019). A geofence refers the application of 

GNSS technology to inform or influence the movement of a person or a machine based on a pre-

defined boundary of acceptable activity. Activity recognition refers to the use of GNSS 

technology to simply track the movement of a person or animal. This application also includes 

the tracking harvest equipment or logging trucks as well as crews working in forested area. The 

popularity of using GNSS technology in forestry is also recognized by an increasing number of 

job descriptions requiring job candidates to have a knowledge of GNSS technologies (Bettinger 

and Merry 2018). In addition, recent developments in GNSS technologies have resulted in the 

miniaturization of GNSS chipsets and the lowering of their cost, which allows the technology to 

be more widely used in practice and academia. For example, miniaturized GNSS chipsets have 

been incorporated into various forms of GNSS receivers such as watches and smartphones (Lee 

et al. 2020). Smartphones are considered to be the most prevalent GNSS receivers these days 

based on number of sales (Gogoi et al. 2019, Paziewski 2020). Forestry professionals also seem 

to prefer lower-grade receivers (mapping-grade and consumer-grade) for general forestry 

activities rather than the survey-grade receivers (Bettinger et al. 2019, Keefe et al. 2019).    
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GNSS receivers have been widely studied in the forestry field, but the spatial aspect of positional 

error has rarely been considered (Bettinger and Merry 2012). Further, the accuracy of positions 

determined by GNSS receivers under forest canopies is often nowhere near that which is 

described in associated manufacturer's specification materials. This may be due to the complex 

environment within which practicing foresters must work is not the same as a manufacturer's test 

conditions, as satellite signals in forested areas suffer due to the interference by topography and 

canopy cover (Edson and Wing 2012). There have been many attempts to evaluate the positional 

error of GNSS receivers in forested conditions (i.e., Danskin et al. 2009b, Edson and Wing 

2012). However, the results often lack consideration of directional error inherent in the data. One 

knowledge gap which has not yet been confirmed is whether the effects of nearby vegetation or 

environmental conditions on GNSS-determined positional error is random or systematic. 

Therefore, this dissertation was conducted to: (1) to evaluate the positional error of consumer-

grade GNSS receivers (GPS watch and smartphone) in various environmental conditions (open 

area, hardwoods, pine forest); (2) to investigate the ability of GNSS-determined positions to 

effectively represent real tree patterns using spatial point pattern analysis; and (3) to assess 

whether develop the forest variables might be able to explain spatial aspects of positional error in 

GNSS-determined positions.  

 

Chapters 2 and 3 contain work that has already been published, and are presented in this 

dissertation with permission from each publisher. Chapter 4 is in the process of being submitted 

to an international peer-reviewed journal. Each chapter is formatted following the author 

guidelines for each journal. Chapter 5 summarizes the key findings of each study and their 

contribution to science.  
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CHAPTER 2 

 

 

The applicability of recreation-grade GNSS receiver (GPS watch, Suunto Ambit Peak 3) in a 

forested and an open area compared to a mapping-grade receiver (Trimble Juno T41)1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Lee, T., Bettinger, P., Cieszewski, C. J., & Gutierrez Garzon, A. R. 2020. Published by PLoS ONE, 04/17/2020. 

Reprinted here with permission of the publisher 03/15/2022. 
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Abstract  

 

Due to developments in global navigation satellite systems (GNSS) and the miniaturization of their 

components, the usage of Global Positioning System (GPS) is no longer restricted to professional 

applications, but has become available in various consumer type devices, such as wristwatches. 

These commercial devices, however, were primarily designed for tracking activities in 

predominately urban settings and their accuracy has not been tested in forested areas. In this study, 

we present an assessment of the positional accuracy of a GPS watch (Ambit Peak 3, Suunto, 

Finland) under different forest cover types, seasons and meteorological conditions within the 

Whitehall Forest GPS Test Site located in Athens, Georgia, USA. As a standard of comparison, 

the performance of the GPS watch measurements was juxtaposed to that of a mapping-grade 

receiver (Juno T41, Trimble Inc., USA). In this study, we analyzed the differences between the 

determined and control positions using root-mean-square-error (RMSE), along with the 

distribution of observed positions through the standard deviational ellipse. The results suggest that 

the seasonal variations contributed to a statistically significant impact on the RMSE values for the 

GPS watch. However, there were no statistically significant differences in horizontal position 

accuracy by forest cover-type when using the GPS watch. Furthermore, no significant differences 

were found in horizontal position accuracy during the leaf-off period between the RMSE values 

for the GPS watch and those of the mapping-grade receiver. Lastly, the positional accuracies for 

both types of receivers were found to be weakly, but significantly correlated with fluctuations in 

air temperature and absolute humidity. 
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Introduction  

 

Although some discussions concerning the development of global navigation satellite systems 

(GNSS) occurred before the 1980s, their notable development began in earnest on the 

NAVSTAR GPS (United States) and GLONASS (Russia) systems during the 1980s. In the most 

recent years, there have been further developments by other entities, such as China’s 

BeiDou/COMPASS and European Union’s GALILEO projects. Each of these four systems 

provide publicly available signals, which hardware technology manufacturers can subsequently 

use to develop commercially available GNSS receivers. Consequently, since around the turn of 

the millennium there has been a rapid development in GNSS software and hardware. These 

developments have led not only to improvements in the reliability of GNSS, but also to its 

widespread commercial availability. For instance, the miniaturization of GNSS antennas and 

chips has allowed them to be incorporated into various types of digital devices, ranging from 

smartphones or smart wearables to wristwatches (1, 2). These types of non-traditional GNSS 

receivers allow people to become accustomed to the use of GNSS technology in their daily lives 

yet they provide very little information on the quality of data they generate. For instance, while 

many people may use smartphones to navigate unfamiliar territories, knowledge on the accuracy 

by which these devices portray horizontal positions on Earth is slowly forthcoming (e.g., (3)). 

Furthermore, many in the general public are beginning to use GPS watches to navigate or track 

their activities while exercising, without proper understanding of the impact that various 

meteorological conditions may have on GPS functionality. Currently, it is uncertain whether the 

positional information derived from non-traditional types of GNSS receivers can serve as a 
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reliable substitute in non-ideal circumstances, relative to the reliable information collected by 

traditional mapping-grade, which are often used to acquire sufficient quality positional 

information demanded by forest management or forestry research professionals (4).  

 

In the forestry literature, GNSS receivers are generally classified into three groups: survey-grade, 

mapping-grade, and recreation or consumer-grade. In a general sense, the capability of horizontal 

position accuracy of individual receivers has been positively correlated with their prices (5, 6). 

From this perspective, cellular phones and tablets that act as GNSS receivers would fall within 

the recreation-grade class from both a cost and a horizontal accuracy perspective (7). Although 

survey-grade GPS receivers typically provide the highest positional accuracy in forests (8), the 

cost, knowledge, and skill required to operate these receivers, as well as the residence time 

required to determine a position (perhaps 20 minutes) hinder their use in typical forestry 

applications. Concerning mapping-grade receivers, this group typically achieves good static 

horizontal position accuracy under relatively open sky conditions (sub-meter) and in forests (2-5 

meters) (9, 10). Moreover, due to their moderate price range and the high degree of accuracy that 

they provide, mapping-grade receivers are commonly used for both forest management and 

forestry research purposes (4). On the other hand, recreation-grade receivers generally provide 

the lowest accuracies, often in the 5-15 m range (11, 12), but are compensated by their low 

purchase price. This affordability of recreation-grade receivers makes them a relatively 

accessible and attractive option for non-professional applications. GPS watches can be classified 

as recreation or consumer-grade receivers because of their price and observed levels of positional 

accuracy.  
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As there are few notable brands which produce GPS watches, vigorous debate exists about their 

accuracy and reliability among the increasing number of people who use them. Since the GPS 

watch acts as an attractive alternative to a traditional GNSS receiver, its application and 

limitations should be documented. For instance, GPS watches have been used to monitor 

children and elderly people in urban areas and to track vehicle speed in motorsports (1, 2). 

Although researchers have already attempted to evaluate the usefulness of GPS watches 

currently offered on the consumer market, the methodology employed has been limited by either 

addressing the positional accuracy without conducting formal tests, or by conducting tests that 

failed to include a precise control.    

  

Although some GPS watches have been designed for outdoor recreational purposes, their 

positional accuracies in forested areas have not yet been evaluated. Similar to urban areas, where 

artificial structures may interfere with GNSS signals, forested areas are also considered very 

challenging due to the interference by the topography and canopy cover, which mask and block 

signals (13-15). While many studies have examined the accuracy of recreation-grade and 

mapping-grade GNSS receivers in forested areas (9-11, 16, 17), the horizontal position accuracy 

of GPS watches in forested areas has yet to be evaluated. Furthermore, while a few studies have 

investigated the relationship between meteorological conditions and recreation-grade and 

mapping-grade GNSS receiver accuracy, no study to date has investigated the relationship 

between meteorological conditions and the accuracy of a GPS watch (11, 16-18).   

 

Therefore, this study was conducted to evaluate the static horizontal position accuracy of a GPS 

watch when used under different cover types, seasons, and meteorological conditions. The 
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performance of the GPS watch was also compared to that of a mapping-grade GNSS receiver 

under identical environmental conditions. The hypotheses of this research are as such:  

 

H1: The static horizontal position accuracy of the GPS watch is not significantly different 

between the leaf-on and the leaf-off seasons. 

H2: The static horizontal position accuracy of the GPS watch is not significantly different 

between its uses in a coniferous forest, deciduous forest, and an open field. 

H3: The static horizontal position accuracy of the GPS watch does not significantly change with 

variations in meteorological conditions (air temperature, relative/absolute humidity, 

atmospheric pressure, and wind speed).  

H4: The static horizontal position accuracy of the GPS watch does not significantly differ from 

that of a mapping-grade GNSS receiver.  

 

Materials and Methods 

 

We conducted this study to assess the quality of static horizontal position data as measured by 

two GNSS receivers: a Suunto GPS watch (Ambit Peak 3, Suunto, Finland) and a Trimble GNSS 

device (Juno T41, Trimble Inc., USA). The Suunto GPS watch is much lighter than most other 

GNSS receivers, weighing approximately 89 grams. The watch is equipped with the GPS L1 

patch antenna (15×15×4 mm) made by Patron Co. Ltd (Korea), which is relatively small and 

contained inside the watch. Furthermore, the watch contains a rechargeable battery, which can 

last up to 200 hours depending on the amount and type of activity. For static horizontal data 

collection, the display of the GPS coordinate system and compass declination was set to UTM 
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NAD1983 and as 5.5º degrees west, respectively. Although the watch allows users to change the 

GPS fixed intervals with three different levels, namely a “Best” interval (~ 1 sec), a “Good” 

interval (~ 5 sec), and an “OK” interval (~ 60 sec), this is only possible when it is tracking 

activities (dynamic horizontal data collection). Unlike many higher-grade receivers, the Suunto 

GPS watch did not allow for defining masks for the maximum positional dilution of precision 

(PDOP) and the minimum signal-to-noise ratio (SNR, the ratio between received power of signal 

and noise power).       

 

The Trimble GNSS unit (Juno T41, Trimble Inc., USA) is considered a mapping-grade GNSS 

receiver with a wide range of operating temperatures (-30℃ to 60 ℃). It is equipped with a 

multi-function antenna (GPSGLONASS08N-S3-03-A, Inpaq technology Co., Ltd., Taiwan) that 

is larger than that of the GPS watch (70×43.18×9 mm). SOLO Forest software (Trimble Forestry 

Automation 2009) is used to collect and save the data. The maximum PDOP level on this 

receiver was set to 8, a moderate setting for the satellite geometric arrangement, and the 

minimum SNR was set to 4. The real-time, space-based augmentation was enabled using the 

wide area augmentation system (WAAS) satellite signal. Although the Suunto GPS watch and 

Trimble GNSS receiver are fundamentally different, a comparison between their accuracies 

would be helpful in ascertaining the current utility and limitations of recreation-grade GNSS 

receivers.      

 

To assess the horizontal position accuracy of the two GNSS receivers under forested conditions, 

we conducted this study at the Whitehall Forest GPS Test Site (gps-test-site.uga.edu) located in 

Athens, Georgia (USA). This test site was established in 2004 by professional surveyors, and it 
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contains 3 monuments and 37 control points. The three monuments consist of an aluminum pin, 

about 9 cm in diameter and 1 m long, driven into the ground so that the top is flush with the 

ground level. The 37 control points each consist of a brass survey cap attached to a piece of rebar 

(about 0.5 m long), encased in cement (about 30 cm in diameter), where the survey cap is flush 

with the ground level. The positions of the three survey monuments were established using an 

Ashtech Locus survey-grade GNSS receiver. Data were collected for these three survey 

monuments over the span of four hours and subsequently processed using the Online Positioning 

User Service (OPUS), which is managed by the U.S. Department of Commerce, National 

Oceanic, and Atmospheric Administration (www.ngs.noaa.gov/OPUS). These three monuments 

have been accepted into the National Spatial Reference System (NSRS), with their positional 

precision certified to under 2 cm. Using the three monuments as a base, professional surveyors 

conducted a closed traverse survey of the 37 control points using a Topcon GTS-211D 

instrument. The resulting closure of the closed traverse network was estimated to be 1/92,137, 

and the positions of the 37 control points are estimated to have similar horizontal position 

accuracy of approximately 2 cm. It is considered, therefore, that the Whitehall Forest GNSS Test 

Site is a highly accurate model around which GNSS equipment could be tested. 

 

Three of the control points that we selected for this study were located within an older coniferous 

forest, containing Pinus echinata and Pinus taeda which were 70 to 80 years age. The density of 

this area was estimated to be 223 trees ha-1, and the basal area was estimated to be 26.0 m2 ha-1. 

Three other control points we selected were located within an older deciduous forest consisting 

of Quercus spp., Carya spp., Ostrya virginiana, and other species, also 70 to 80 years age. The 

density in this area was estimated to be 126 trees ha-1, and the basal area was estimated to be 
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23.0 m2 ha-1 (Fig 2.1). These six control points were visited 17 times between 3:00 p.m. and 4:30 

p.m. during the leaf-on season (September-October) and 17 times during the leaf-off season 

(December). In total, this resulted in 51 independent visits to control points in the coniferous 

forest and 51 independent visits to control points in the deciduous forest during each season. 

Furthermore, an open field NSRS monument was visited 17 times during each season. 

 

Figure 2.1 The surveyed area with control points, located at the Whitehall Forest GPS Test Site 

in Athens, Georgia (USA).  
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When the GNSS data were collected, we randomized the forest cover type (coniferous or 

deciduous), and further randomized the order of the three control points within each forest cover 

type, in an attempt to avoid potential biases. During each visit to a control point, each of the two 

GNSS receivers was positioned on top of a monopod (1.3 m) equipped with a leveling device. 

Researchers consistently positioned themselves on the north side of control points as the data 

were collected. Furthermore, an effort was made to ensure that the internal GNSS antenna of 

each device was positioned directly above the control points as the data were collected. The open 

field measurement was visited after the coniferous and deciduous control points were surveyed 

since it was about 1 km away by road. The Trimble GNSS receiver was allowed to warm-up 

(approximately 5 min) before its use. The Suunto GPS watch was always on and was therefore 

assumed to be ready for data collection purposes. The Suunto GPS watch collected a single 

waypoint at each control point during all visits. On the other hand, at each particular visit, about 

15 position fixes per point were collected at 1-second intervals using the Trimble receiver. These 

position fixes were subsequently averaged, prior to downloading the data from the Trimble 

device, to produce a single position fix during each visit to each control point. We followed this 

protocol to be consistent with normal field data collection practices of foresters. Since the data 

collected by the Suunto GPS watch was saved in degrees (longitude and latitude to the 

specificity of the sixth decimal place) using the WGS 1984 coordinate system, this data was 

converted to UTM coordinates using ArcMap GIS software (version 10.6.1, Esri Inc., Redlands, 

CA, USA) for further processing. The Trimble GNSS device saved data in both formats of WGS 

and UTM coordinates. The difference (static horizontal position error) between each determined 

position and the associated control point position was computed using the root mean square error 

(RMSE), as has been done in many previous studies (i.e., Bettinger and Fei 2010, Bettinger and 
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Merry 2012, Danskin et al. 2009, Sigrist et al. 1999, Weaver et al. 2015). RMSE can be 

calculated as follows: 

RMSE = √∑((𝑥𝑖 − 𝑥)2 + (𝑦𝑖 − 𝑦)2) ∕ 𝑛

𝑛

𝑖

 

Where n is the total number of observations in a visit; i is the ith observation of the visit; xi and yi 

are respectively the easting and northing of the ith observations; and x and y are the true easting 

and northing of the associated control point. Unlike the standard deviation which assesses 

accuracy using deviations from a mean value, the RMSE was considered as a good estimator to 

evaluate its accuracy because it represents the deviation from the truth, not the from the mean 

(19). In addition to the RMSE, the root squared error of the mean (RSEM) is calculated based on 

the mean center’s coordinates as follows: 

RSEM = √(
∑ (𝑥𝑖

𝑛

𝑖
− 𝑥)

𝑛
)

2

+ (
∑ (𝑦𝑖

𝑛

𝑖
− 𝑦)

𝑛
)

2

 

Where n is the total number of observations in a visit; i is the ith observation of the visit; xi and yi 

are the longitude and latitude of the ith observations; and x and y are the true easting and northing 

of the associated control point. Standard deviational ellipses were also calculated to investigate 

the trends of determined positions, to assess whether these are related to cover type or season. 

Among standard deviational ellipses parameters, the anisotropic ratio was calculated as follows: 

𝐼𝑎 =
𝑅 − 𝑟

𝑅
× 100% 

Where Ia is anisotropic ratio; R and r are the length of ellipse long and short axis, respectively.   
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Meteorological data, including air temperature, relative/absolute humidity, wind speed and 

barometric atmospheric pressure, were obtained for the relevant time period of each visit from a 

local weather station (Athens, Georgia airport). This data was used in statistical tests to 

determine their correlation with horizontal position error. In particular, these meteorological 

variables were selected due to their potential influence on GNSS signals as they pass through 

Earth's lower troposphere. The aforementioned local weather station reported these metrics in 

one-hour intervals, and thus a linear interpolation was performed to estimate their values at 

approximately the time of data collection. The absolute humidity, on the other hand, was 

calculated using a web-based calculator (https://planetcalc.com/2167/) because it was not 

directly monitored. Since the majority of RMSE values were normally distributed, we applied 

the one-way ANOVA, Kruskal-Wallis test, the Student’s t-test and the Welch’s t-test to test the 

hypotheses noted above using R Studio software (version 1.1.463, RStudio, Inc., Boston, MA, 

USA). The RSEM and parameters of standard deviational ellipses were calculated with ArcMap 

GIS software (version 10.6.1, Esri Inc., Redlands, CA, USA). 

  

Results 

 

Concerning H1, the observed RMSE values were analyzed using a Welch’s t-test according to 

the season in which the data were collected. We found a significant difference in the mean 

RMSE values between the leaf-on and leaf-off seasons when using the GPS watch (p-value < 

0.001) (Fig 2.2). For the Trimble GNSS receiver, meanwhile, no statistically significant 

differences were observed in the static horizontal position accuracy for either the leaf-off (mean 

= 3.50 m, standard deviation = 1.85 m) or leaf-on seasons (mean = 4.03 m, standard deviation = 
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2.34 m) (Student’s t-test, p-value = 0.21). Therefore, we reject H1 and conclude that horizontal 

position accuracy of the GPS watch was significantly different between two seasons. 

 

 

Figure 2.2 Boxplots for horizontal positional accuracy (RMSE) by equipment type (GPS watch: 

A, B; Mapping-grade GNSS receiver: C, D), cover type, and season (Leaf-on: A, C; Leaf-off: B, 

D). Different letters indicate significant differences (For A and B, Scheffe’s Test at p-value < 

0.05; for C and D, Dunn’s Test at p-value < 0.05). 
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Table 2.1 The summary of elliptical parameters measured by different GPS equipment during different seasons (RSEM = root squared 

error of the mean; Mean X coordinate = the mean of difference between observed X coordinates and control X coordinate; Mean Y 

coordinate = the mean of difference between observed Y coordinates and control Y coordinate; Ia = the anisotropic ratio). 

                     Metrics 

Device 

Leaf-on time period Leaf-off time period 

All three 

sites 

Coniferous 

forest 

Deciduous 

forest 

Open 

field 

All three 

sites 

Coniferous 

forest 

Deciduous 

forest 

Open 

field 

Suunto watch GPS         

         

RSEM (m) 12.21 10.06 15.81 15.01 2.70 3.11 2.20 3.94 

Mean X coordinate 

(m) 
-12.16 -9.17 -14.40 -14.43 -2.56 -2.77 -1.95 -3.72 

Mean Y coordinate 

(m) 
-1.04 4.13 -6.51 4.13 -0.85 -1.41 -1.01 1.29 

Angle of rotation (°) 109.54 122.54 48.06 112.77 84.17 84.19 149.54 82.45 

Ia (%) 17.27 37.61 18.04 65.35 59.07 63.01 12.66 83.95 

Area of ellipse 

(m2) 
3525.6 2610.05 3881.4 2398.05 160.37 187.46 56.24 169.13 

         

Trimble Juno T41         

         

RSEM (m) 2.82 2.93 2.49 1.65 2.27 2.39 1.72 1.69 

Mean X coordinate 

(m) 
-2.79 -2.85 -2.42 -0.65 -2.27 -2.39 -3.72 -1.20 

Mean Y coordinate 

(m) 
-0.35 -0.67 -0.57 1.52 0.06 0.13 1.29 1.19 

Angle of rotation (°) 83.82 133.72 31.25 161.87 81.06 52.80 30.82 32.27 

Ia (%) 41.78 19.96 18.26 38.16 48.20 4.46 20.61 21.50 

Area of ellipse 

(m2) 
122.33 77.69 62.37 4.47 102.85 54.40 51.92 2.84 
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Table 2.2 Summary results of dataset, with outliers, of the horizontal position error of the GPS watch and mapping-grade GNSS 

receiver at the Whitehall Forest GPS Test Site in Athens, Georgia (USA). 

 

                Metrics 

 

 

Device       

Leaf-on time period Leaf-off time period 

All three 

sites 

Coniferous 

forest 

Deciduous 

forest 

Open 

Field 

All three 

sites 

Coniferous 

forest 

Deciduous 

forest 

Open 

field 

Suunto watch GPS         

         

Mean RMSE (m) 24.25 22.06 29.63 9.27 5.62 6.47 4.52 3.32 

Minimum RMSE 

(m) 
0.32 3.80 3.83 0.32 0.77 3.06 2.18 0.77 

Maximum RMSE 

(m) 
105.80 81.17 85.32 105.80 55.06 36.61 8.36 55.06 

Standard deviation 

of RMSE (m) 
27.48 23.72 25.91 32.86 8.59 7.95 1.63 12.76 

n 119 51 51 17 119 51 51 17 

         

Trimble Juno T41         

         

Mean RMSE (m) 4.03 5.40 4.81 1.87 3.50 4.33 4.29 1.88 

Minimum RMSE 

(m) 
0.66 2.58 1.96 0.66 0.89 2.05 2.53 0.89 

Maximum RMSE 

(m) 
10.33 10.33 9.56 3.29 10.00 10.00 7.46 2.77 

Standard deviation 

of RMSE (m) 
2.34 2.25 1.89 0.92 1.85 2.14 1.29 0.54 

n 119 51 51 17 119 51 51 17 
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To represent how the determined GPS positions were spread around the control points, we used 

the standard deviational ellipse method for point data distribution analysis (Fig 2.3). The 

orientation angle of the GPS watch during the leaf-on season was 109.54°, and its Ia was 17.27% 

(Table 2.1). This small Ia value suggests that the GPS points might have been distributed in a 

circular spread rather than an elliptical distribution (Table 2.1). When considered in conjunction 

with the area of an ellipse, the observed GPS data points for the GPS watch during the leaf-on 

season were widely spread from the center of the standard deviational ellipse in a circular 

distribution area. In contrast, during the leaf-off season, the orientation angle of the GPS watch 

was 84.17°, and Ia was 59.07% (Table 2.1). The ascertained area of ellipse during the leaf-off 

season was smaller than the area during the leaf-on season. This indicates that the observed data 

points collected during the leaf-off season were more clustered and distributed more closely in 

relation to the control points.  
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Figure 2.3 The distributions and standard deviational ellipses of translocated GPS points data 

obtained by different types of equipment during different seasons. 

 

The point data distribution analysis for the Trimble receiver did not show any differences in 

response to the season. For this analysis, we obtained an orientation angle of 83.82°, and an Ia of 

41.78% during the leaf-on season (Table 2.1). Similarly, the distribution of observed GPS points 

during the leaf-off season had an orientation angle of 81.06° and an Ia of 48.20%. Here, the Ia 

values were moderately substantial, suggesting that the GPS points were comparatively spread 

out on the longest axis of the ellipse (Fig 2.3). In both seasons, the areas of the ellipses were very 

similar to each other, and the centers of the ellipses were very close to the control point in every 

case.   
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Regarding H2, the RMSE values observed by GPS watch and Trimble receiver were analyzed 

using a one-way ANOVA and Kruskal-Wallis test, to determine whether cover type affected 

each instruments’ horizontal position accuracy. It was found that there was no statistically 

significant difference between cover types using the GPS watch, as shown in the results (F2,99= 

0.242, p-value = 0.786) (Fig 2.4). Although the minimum (best) RMSE was observed in the open 

field (Table 2.2), there was no statistically significant difference in the response variable to the 

cover types in either the leaf-on season (F2,48 = 0.485, p-value = 0.619) or the leaf-off season 

(F2,48 = 0.224, p-value = 0.8). However, we found statistically significant differences in the 

accuracy of the Trimble GNSS receiver in the cover types regardless of the season (p-value < 

0.01) (Fig 2.4). The lowest RMSE values were found in the open field, and this was significantly 

different compared to the RMSE values from the forested cover types. There was no significant 

difference in RMSE values observed in the deciduous and coniferous forest areas. In sum, for the 

GPS watch, we could not reject H2; however, for the Trimble GNSS receiver, we reject H2, as 

we found that static horizontal position accuracy varies significantly depending on the cover 

type.   
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Figure 2.4 Boxplots describing horizontal positional accuracy (RMSE) by equipment type (GPS 

watch: A; Mapping-grade GNSS receiver: B) and cover type. Different letters indicate significant 

differences (Dunn’s Test at p-value < 0.05). 

 

The RSEM values for the GPS watch were much higher during the leaf-on season than during 

the leaf-off season. During the leaf-on season, the highest and lowest RSEM values were found 

in the deciduous forest and coniferous forest, respectively (Table 2.1). Otherwise, during the 

leaf-off season, the highest and lowest RSEM values were obtained in the open field and 
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deciduous forest, respectively. The mean X coordinate values were negative regardless of the 

season and cover type, indicating that the observed points were consistently located to the west 

of the control point (Table 2.1). Furthermore, the areas of the ellipses during the leaf-on season 

were much larger than during the leaf-off season. Meanwhile, the RSEM values for the Trimble 

receiver were found to be similar to the RSEM values for GPS watch during the leaf-off season. 

The highest and lowest RSEM values were found in the coniferous forest and open field 

respectively, regardless of the season. The mean X coordinate values were also negative 

regardless of season and cover type, and the areas of the ellipse were also similar to the those of 

the GPS watch during the leaf-off season.  

 

For H3, the correlation coefficient r values were summarized in Table 2.3. These values indicate 

that air temperature and absolute humidity were significantly correlated with RMSE, regardless 

of equipment type. For both the Suunto watch and the Trimble receiver, weak positive 

correlations were found between the RMSE and the air temperature (0.26 and 0.20 for GPS 

watch and Trimble receiver, respectively) and between the RMSE and the absolute humidity 

(0.22 and 0.15 for GPS watch and Trimble receiver, respectively). Except for the temperature 

and absolute humidity, there were no other observed significant correlations between the 

horizontal position accuracy and meteorological factors. In sum, we only found weak positive 

correlation between RMSE values and air temperature or absolute humidity.   
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Table 2.3 Summary of Pearson correlation coefficients for RMSE and meteorological factors. 

         Env. 

factors 

 

Device 

Air temp. (C) 
Relative humidity 

(%) 

Absolute humidity  

(g⸱m-3) 
Wind speed (mph) 

Barometric pressure 

(inches) 

r p -value r p-value r p -value R p -value r p-value 

Suunto 

Watch GPS 

0.26 

*** 
< 0.001 -0.07 0.2997 

0.22 

*** 
< 0.001 -0.08 0.208 0.02 0.7984 

           

Trimble  

Juno T41 
0.20 ** 0.002 -0.08 0.2246 0.15*  0.02 -0.02 0.801 0.05 0.4855 

*** Statistically significant difference, p-value < 0.001 

** Statistically significant difference, p-value < 0.01 

* Statistically significant difference, p-value < 0.05 

  

 

Table 2.4 Summary of the comparison between RMSE observed by different equipment type using a Welch’s t-test (p-value < 0.05). 

Forest  

      cover type 

 

Period  

Coniferous Forest Deciduous Forest Open field 

p -value p -value p -value 

Whole year p = 0.007* p = 0.002* p = 0.013* 

Leaf-on p = 0.011* p = 0.001* p = 0.029* 

Leaf-off p = 0.297 p = 0.648 p = 0.215 

* Statistically significant difference, p-value < 0.05 
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Finally, concerning H4, we applied the Welch’s t-test to compare RMSE values observed by the 

GPS watch and the mapping-grade GNSS receiver, in response to the cover type and seasons. It 

was found that there were no significant differences observed during the leaf-off season 

regardless of the cover type (Table 2.4). Otherwise, there were significant differences during the 

leaf-on season, and across both seasons. In conclusion, we partially fail to reject H4 because 

there was no significant difference in RMSE values by GPS watch and mapping-grade GNSS 

receiver during the leaf-off season. However, we reject H4 with respect to the leaf-on season.        

 

Discussion  

 

Using a Trimble mapping-grade receiver as a basis of comparison, this study attempted to assess 

the accuracy of a recreation-grade GPS watch in response to the seasonal fluctuations and 

variations in the canopy cover and to investigate the correlation between the accuracy of the 

watch and meteorological factors that included humidity, air temperature, atmospheric pressure, 

and wind speed. The accuracy of the GPS watch was found to be significantly enhanced during 

the leaf-off season relative to the leaf-on season. In comparison, the accuracy of mapping-grade 

GNSS receiver was found to not be affected by seasonal fluctuations. One study (5) also had 

similar results, in that the significant effect in response to the change in season was only found 

when it was measured using the recreation-grade GNSS receiver, not with the mapping-grade 

GNSS receiver. Another study (17) conducted at the same site also found that the static 

horizontal accuracy was not affected by season using a mapping-grade GNSS receiver. 

Cumulatively, these results indicated that mapping-grade GNSS receivers might not be affected 

by the seasonal fluctuation, whereas the recreation-grade GNSS receivers do appear to be more 
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sensitive to the seasonal fluctuation. Although vegetation obstruction introduces a degree of error 

in the forested area through the blockage of satellite signals or through multipath signals (11, 20, 

21), the defoliation during the winter season in the deciduous forests had a weak, but positive 

effect on enhancing the static horizontal position accuracy. Indeed, there was a significant 

increase in accuracy observed in every cover type (coniferous forest, deciduous forest, and open 

field) during the leaf-off season in this study. In other studies, the improvement in accuracy 

during leaf-off season in the deciduous forest was not observed (5, 11, 17). One possible 

explanation for the improvement of GPS watch accuracy during the leaf-off season, regardless of 

cover type, is the cumulative error caused by different meteorological conditions such as 

relatively low temperature and absolute humidity during leaf-off season that had a positive 

correlation with the RMSE values (negative correlation with accuracy) (16, 19, 22, 23). 

Furthermore, due to the improvements in accuracy observed during leaf-off seasons, there was 

no significant difference between accuracy of GPS watch and mapping-grade receiver during this 

season. This suggests that the GPS watch could be used to replace the mapping-grade receivers 

when considering cost efficiency, especially during leaf-off season.    

 

Even though the outliers were also considered in this study, the static horizontal positions 

determined by the recreation-grade GNSS receiver and the mapping-grade GNSS receiver in the 

forested conditions had relatively low mean RMSE values in the range of 4.52 to 29.63 m and 

4.29 to 5.40 m, respectively. These results were similar to other studies’ results (recreation-grade 

GNSS receiver: 7 to 12 m, and mapping-grade GNSS receiver: 1 to 5 m) that were conducted at 

the same location (9, 11, 12, 17). These results confirm that our research was conducted reliably 

and indicate that the watch-type recreation-grade GNSS receiver maintained similar degree of 
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accuracy to the conventional handheld type of recreation-grade GNSS receiver in a forested area. 

The significant effects cover type had on static horizontal position accuracy were only observed 

when the mapping-grade GNSS receiver was used, not when the GPS watch was used due to the 

large variances observed. However, this significant difference was only found between the open 

field and forested area (coniferous and deciduous forest), not between the coniferous and 

deciduous forests. These results contrasted with other studies that have shown a significant 

difference in static horizontal position accuracy when using a recreation-grade GNSS receiver 

among varying forest cover type (5, 11, 12, 24). However, other studies (16, 17) did not find a 

significant difference in static horizontal position accuracy between forest cover types; yet, these 

studies employed mapping-grade GNSS receivers. These results indicate that the cover type 

itself is not the main factor affecting the static horizontal position accuracy. Rather, it suggests 

that canopy coverage might be the primary consideration when determining the GPS receiver 

accuracy (19). Indeed, the GPS accuracy was shown to be improved in a young coniferous forest 

relative to an old coniferous forest (11, 24, 25) and further accuracy improved in post-thinning 

conditions compared to the pre-thinning conditions (9). 

 

We applied the standard deviational ellipse to investigate the direction or tendency of error, 

depending on the season and cover type; this study was the first of its type in forestry research to 

use GNSS data in this manner. As the standard deviational ellipse is a measure of the distribution 

of observed points, it provided information about the data concentration, including orientation 

(determined by the direction of the longest axis of observed points), anisotropic ratio (ratio of the 

longest and shortest axes), and the area of the ellipse intuitively through images and 

quantification (26). Although the area of ellipse was considerably smaller during leaf-off season 
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than during the leaf-on season regardless of GPS receiver type, a specific tendency in the 

orientation and the area of an ellipse was not observed in response to the cover type. However, 

the mean center of each ellipse was located on the western side of the control points regardless of 

the GPS receiver types. There have been a few studies considering the direction of the error (9, 

11, 18). One study (9) using evaluations of rose diagrams confirmed that the bias in error 

changes in response to thinning. Our results showed that there were more points distributed on 

the western side of the control points as opposed to the eastern side. Although the location of 

nearby trees around control points was not investigated in our study, Bettinger and Merry (18) 

suggested that the vegetation near the control point influenced the direction and magnitude of the 

positional error. Another possible explanation for the biased distributions of the observed points 

is the movement of satellites within the constellation or the Earth’s rotation. Finally, while we 

used the average value of 15 position fixes from the Trimble device to evaluate these, the use of 

the original 15 position fixes may have revealed some balanced error. However, at this time we 

are unable to determine whether the standard deviational ellipses would have been different had 

we evaluated them in this manner. 

 

Prior studies have indicated that there was no correlation between meteorological variables of the 

lower troposphere and static horizontal position accuracy (11, 16-18). The only study (16), 

among the aforementioned studies, found a significant and negative correlation between air 

temperature and RMSE values at the deciduous forest using a mapping-grade GNSS receiver. In 

our study, however, we found a significant, but weakly positive correlation between air 

temperature and RMSE regardless of GPS receiver type. The air temperature appears to have 

receiver-specific effects on horizontal position accuracy, as there was no consistent correlation 



 

 

45 

 

between air temperature and RMSE values in other studies, regardless of GPS receiver types. 

Other studies have considered the correlation between relative humidity and RMSE (11, 16-18), 

but this study investigated the correlation between absolute humidity and RMSE, in which it 

found a significant, albeit weakly positive correlation. This phenomenon could be explained by 

the influence atmospheric water vapor has upon the travel of the GPS signal from the satellite. 

This could be achieved either by delaying the GPS signal propagation, thereby reducing the 

signal speed, or by causing additional multipath effects (16, 19, 23). Furthermore, the engrossing 

trend was observed that the RMSE values measured by the GPS watch were increased when the 

wind direction was suddenly changed. However, due to the limitations of this study, not all 

meteorological variables were precisely monitored at the forest, and the change in wind direction 

was not sufficiently quantified to determine the correlation between wind direction and RMSE 

values.     

     

Conclusion  

 

The study presented here investigated the static horizontal position accuracy of a GPS watch 

under varying forest cover types, seasonal fluctuations, and meteorological conditions. To 

evaluate the relative accuracy of the GPS watch, a mapping-grade GNSS receiver was used to 

compare coordinates outputs to those of the GPS watch. The key findings of this study were as 

follows: (1) the accuracy of the GPS watch was significantly affected by the season, but not by 

the cover type; (2) during the leaf-off season, the accuracy of the GPS watch did not differ 

significantly relative to the accuracy of the mapping-grade GNSS receiver; (3) the RMSE values 

of both GPS receivers had a significant but weakly positive correlation with air temperature and 
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absolute humidity. These results suggest that canopy coverage, rather than the forest cover type, 

might play a more critical role in governing the static horizontal position accuracy of GPS 

receivers in forested areas. Furthermore, the GPS watch showed improvements in static 

horizontal position accuracy during the leaf-off season, so that it had a similar level of accuracy 

to that of a mapping-grade GNSS receiver. Our results suggest that GPS watch might be able to 

provide an acceptable quality of locational information for forest management purposes during 

the leaf-off season. However, due to the limitations inherent to a small antenna, the quality of 

location information might not be able to guarantee acceptable static horizontal position accuracy 

during the leaf-on season. A recently released GPS watch (after our data collection process was 

completed) that is equipped with improved GPS antenna and the Assisted-GPS (A-GPS) 

technology, can determine location information from network stations and various technologies 

employed in the mobile terminals of the Differential GPS (D-GPS). This technology uses fixed 

and known positions to correct the GPS signal and might provide better static horizontal position 

accuracy in various conditions.  

 

Regarding the effects of meteorological variables, the GPS watch and the mapping-grade GNSS 

receiver both indicated a significant correlation between positional accuracy and two 

environmental variables (air temperature and absolute humidity). Accordingly, air temperature 

and absolute humidity should be considered when these types of GPS receivers are used in 

forested areas. Our study had some limitations in that (1) the GPS watch used for this study was 

released in 2014, and may therefore not be a reliable indicator of the current technological state 

of GPS watches; (2) the locations of nearby trees were not measured to explain the distributions 

of observed points, and (3) the meteorological variables within the forest were not monitored in 
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an all-encompassing manner. Nevertheless, our study determined the accuracy of a GPS watch in 

various circumstances and illustrated the potential application of the GPS watch for forest 

management purposes, especially during the leaf-off season. Although users will need to decide 

whether the accuracy and reliability of a GPS watch is sufficient for their purposes, they should 

keep in mind that even mapping-grade GNSS receiver accuracy can vary depending on the 

working conditions, such as changes in canopy cover and meteorological conditions. Given 

falling prices and ease-of-accessibility, the GPS watch may serve as a circumstantially attractive 

replacement for the mapping-grade GNSS receivers. Further research exploring the technological 

developments in future GPS watches is therefore a relevant and useful endeavor.  
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CHAPTER 3 

 

 

Mission impossible: Positions determined by basic mapping-grade and recreation-grade GNSS 

receivers cannot emulate the actual spatial pattern of trees2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 Lee, T., Bettinger, P., Merry, K., Bektas, V., & Cieszewski, C. 2022. Published by Mathematical and 

Computational Forestry & Natural-Resource Sciences (MCFNS), 04/30/2022. Reprinted here with permission of the 

publisher 06/02/2022. 
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Abstract 

 

Global navigation satellite systems (GNSS) can provide valuable spatial information for 

effectively mapping and navigating through complex terrain and forest conditions. Relatively 

accurate positional information is essential for certain algorithms and models that base analyses 

on the spatial arrangement of trees, and for management of forestry operations. The accuracy of 

GNSS receivers has been well-tested under many environmental conditions. Depending on the 

technology selected and conditions within which it is employed, different amounts of variation 

will occur in the determination of a horizontal position. However, studies involving the spatial 

pattern and distribution of tree locations (point positions) observed by independent GNSS 

receivers generally have not considered the horizontal position error inherent in the spatial data. 

We conducted this study to investigate whether tree locations determined by recreation- and 

mapping-grade GNSS receivers can adequately represent the real point pattern of trees in a 

forest. The study area was a pine seed orchard located at the Whitehall Forest in Athens, Georgia 

(USA), that consisted of a regular pattern of trees. We tested three different GNSS receivers: one 

mapping-grade receiver and two recreation-grade receivers (traditional, handheld-type, and non-

traditional types, GPS watch). With each receiver we determined tree locations at cardinal points 

around the stems of 112 trees (at North, South, East, and West sides of the stems) and estimated 

the middle point measurement of two cardinal points (North-South, and East-West). In addition, 

we used the average of all cardinal points (All) to determine tree locations. We compared these 

observed tree locations to actual tree locations which were determined through precise field 

measurements and high-precision GPS base points. This study confirmed that the horizontal 

positional error of mapping grade receivers was significantly lower than those of recreation 
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grade receivers, regardless of measurement method. However, the observed point pattern of trees 

from the GNSS observations of both recreation- and mapping-grade receivers failed to 

adequately represent the actual regular point pattern of the trees, as the positional error observed 

was not consistently projected in the same direction and with the same magnitude.  

 

Keywords: Global navigation satellite system, complete spatial randomness, regular pattern, 

clustered pattern, root mean squared error, GPS receivers 

 

Introduction 

 

The natural pattern of the location of trees is a result of ecological processes involving self-

thinning and competition between trees and seed dispersal mechanisms. In planted forests, the 

pattern of the location of trees is operationally influenced yet can also be influenced by 

ecological processes involving pioneer and natural establishment of non-planted trees. For 

assessing patterns of trees, spatial point pattern analysis (SPPA) has become increasingly popular 

in ecological research (Gadow et al. 2012, Velázquez et al. 2016, Woodall 2002, Wiegand et al. 

2013, Wiegand & Moloney 2013). As a way for analyzing the pattern of trees, SPPA allows one 

to characterize forest structure (i.e., dispersed, random, clustered) and test ecological hypotheses 

about underlying natural processes (Law et al. 2009, Ripley 1981, Velázquez et al. 2016, 

Wiegand & Moloney 2013). For example, SPPA has been used to investigate the effects of seed 

dispersal mechanisms (Garzon-Lopez et al. 2014, Seidler & Plotkin 2006) and to analyze the role 

of interactions and competition between trees (Dohn et al. 2017, Fajardo et al. 2006, Uria-Diez & 

Pommerening 2017).  
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SPPA compares the pattern of observed spatial data to a null model using various summary 

statistics. To evaluate the pattern of objects, SPPA uses point locations (i.e., locations trees, 

nests, or shrubs) and supplementary information (attributes) that characterize the object (i.e., 

surviving versus dead, species, size) (Velázquez et al. 2016). Further, the data can be classified 

as unmarked and marked spatial data based on its properties. For example, unmarked spatial data 

having a priori properties include such things as tree species, while marked spatial data having a 

posteriori properties including such things as status (surviving versus dead), size, or some other 

property from a marking process (Velázquez et al. 2016, Wiegand & Moloney 2013). SPPA 

provides a description of the spatial pattern of measured features using summary statistics, which 

are classified as either (a) numerical or functional or (b) location- or point-related (Illian et al. 

2008, Wiegand & Moloney 2013). Outcomes of SPPA can represent spatial pattern as a value 

(e.g., intensity or the mean distance to the nearest neighbor) (Pommerening & Grabarnik 2019, 

Velázquez et al. 2016), and these have been widely used in modern point pattern analysis to 

represent a point pattern as a function of scale (Wiegand & Moloney 2013).  

 

The null model (also referred to as the point process model or point process) associated with a 

SPPA analysis is a mathematical model representative of a certain point pattern (Wiegand & 

Moloney 2013). The null model plays an important role in SPPA because it is used to determine 

whether an observed spatial pattern can be statistically distinguished from it or not (Carrer et al. 

2018, Diggle 2013, Wiegand & Moloney 2013). The simplest version of a null model is 

complete spatial randomness (CSR) following the homogeneous Poisson process, which assumes 

an equal intensity or distribution of objects across a study area (Carrer et al. 2018, Law et al. 
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2009, Wiegand & Moloney 2013). One might expect that a naturally regenerated or uneven-aged 

forest would possess CSR with respect to tree locations. Otherwise, a null model may also follow 

a heterogeneous Poisson process, which has a different intensity function that depends on the 

locations of objects within the study area (Carrer et al. 2018, Pommerening & Grabarnik 2019, 

Wiegand & Moloney 2013). SPPA compares an observed pattern to a confidence envelope, or 

group of null models generated by Monte Carlo simulation (Law et al. 2009). When an observed 

pattern of objects lies outside of a confidence envelope with a certain confidence level, this 

provides evidence of a departure from the null model (Wiegand & Moloney 2013). Otherwise, 

when an observed pattern of objects fails to prove departure from the null models, this indicates 

that there is no correlation between observed points, which is equivalent to saying that there are 

no ecological interactions evident in the data (Pommerening & Grabarnik 2019).  

 

The result of SPPA is influenced by many factors. For example, spatial scale (size of sampling 

site) for the detection of tree patterns can be important, as larger sampling scales allow one to 

better detect a spatial pattern, such as clustering, that are not evident at smaller scales (Carrer et 

al. 2018, Garzon-Lopez et al. 2014). Further, using the heterogeneous Poisson model as a null 

model for emulating CSR may provide more reliable results than using the homogeneous 

Poisson model, since constant intensity across a study site may not be guaranteed (Carrer et al. 

2018). Perry et al. (2006) and Hui et al. (2007) suggested that each summary statistic used in 

evaluating spatial pattern has limitations and strengths. Further, Gadow et al. (2012) and 

Pommerening (2008) pointed out that the application of spatial pattern analysis may be limited 

by the size of study area. Therefore, Velázquez et al. (2016) and Wiegand et al. (2013) suggested 
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that the various summary statistics should be applied together, to avoid omitting important 

meanings from spatial patterns.  

 

In describing the distribution of trees in a forest, the positions (spatial coordinates) of tree boles 

are an essential input for SPPA (Aguirre et al. 2003, Pommerening 2002). For forest growth and 

yield purposes, the positions of tree boles are also needed for distance dependent tree growth 

models. However, collecting spatial data of tree bole positions can be very challenging due to the 

cost and time associated with the data collection effort, making the practical application of SPPA 

challenging (Aquirre et al. 2003, Gadow & Hui 2002, Gadow et al. 2012, Velázquez et al. 2016). 

For example, it might take more than 30 minutes to determine a tree’s location if a survey-grade 

GNSS receiver is used. This is one reason why survey-grade GNSS receivers are not widely used 

in practice except to locate property corners or other important landscape positions. Further 

complicating the collection of tree bole locations, several studies that have been conducted to 

evaluate GNSS receiver accuracy in forested areas revealed that mapping grade and recreation-

grade GNSS receivers have horizontal positional errors ranging on average more than 2 m 

(Danskin et al. 2009, Ransom et al. 2010, Sigrist et al. 1999) and more than 6 m (Danskin et al. 

2009, Lee et al. 2020), respectively, in any direction from the true position. A greater positional 

error is often observed when using recreation-grade GNSS receivers (small inexpensive GNSS 

specific units, cellular phones, watches, etc.), yet recreation-grade receivers are still utilized 

frequently due to their applicability and accessibility. According to Bettinger et al. (2019), 

foresters in the southern United States commonly use cellular phones and tablets (70.6%) for 

positioning and navigation, followed by other recreation-grade receivers (49.4%) and mapping-

grade receivers (43.8%). Bettinger et al. (2019) also indicated that only a few respondents used 
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survey-grade receivers (2.8%) and mapping-grade receivers with differential processes (DGPS) 

(15%) in their normal work activities. Platforms such as iNaturalist and iTree Eco have also 

allowed citizen observers to provide positional data using recreation-grade GNSS receivers 

(Fauzi et al. 2016a). Therefore, the quality of positions determined by GNSS for individual trees 

may be a great concern.  

 

Compounding the issue of horizontal position accuracy, the physical direction of the position 

error is often unreported and assumed randomly distributed around a true position, yet the 

directionality of error may be influenced by nearby vegetation (Bettinger & Merry 2012b). 

Current SPPA studies do not consider the inherent error in positions determined by GNSS 

receivers, potentially leading to analysis error when spatial relationships are based on the 

distance between objects (i.e., distances between objects or counts of objects within certain 

distance). To overcome these challenges, different approaches to estimate the positions of trees 

have been explored, including the use of base maps facilitated by satellite images (Atkinson et al. 

2007, Moustakas et al. 2008), aerial images from aircraft or unmanned vehicles (Garzon-Lopez 

et al. 2014, Moustakas et al. 2008, Xu et al. 2019), or LiDAR (light detection and ranging) 

including terrestrial and airborne laser scanning (Trochta et al. 2013). However, there are 

limitations in estimating the location of tree stems from these types of images, due to image 

quality, spatial resolution, and feature displacement. Specifically, when identifying the location 

of a tree bole, an interpreter is more commonly locating the centroid of a tree canopy as opposed 

to the location of a tree bole, and the corresponding pattern concerning centroids of tree crowns 

may differ from the pattern concerning the tree boles (Uria-Diez & Pommerening 2017, 

Vacchiano et al. 2011). Further, the crowns of some overtopped or suppressed trees may not be 
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evident in an analysis of satellite or aerial imagery. Additionally, the quality of images generated 

by LiDAR can be significantly deteriorated by weather conditions (water, dust, or wind) and the 

presence of rough terrain (Trochta et al. 2013). 

 

Tree bole coordinates have been used in various studies to assess spatial pattern (Dohn et al. 

2017, Hui et al. 2007, Law et al. 2009, Uria-Diez & Pommerening 2017), but the specific 

methods employed for collecting the coordinates of tree bole locations are often not 

described or it is suggested that the locations were determined using GNSS technology. 

Therefore, our objectives for this study are twofold. First, we evaluate the inherent positional 

error of tree bole locations using three different types of GNSS receivers and several 

assumptions regarding the data collection protocols. These data collection protocols emulate 

common practices employed by the typical forestry professional in the southern United States for 

capturing the position of resources of interest. Therefore, survey-grade GNSS receivers and the 

use of real-time kinematic (RTK) positioning were not tested. In RTK positioning, the mobile 

unit (the one used by the professional collecting data) relies on the acquisition and use of real-

time position correction information that is supplied by an independent reference station (or base 

station) or a virtual reference station positioned over a known location. Second, we compare the 

observed spatial patterns of tree boles to the actual spatial pattern of trees measured using ground 

surveying methods, to determine whether tree bole coordinate positions determined from GNSS 

receivers can retain the fidelity of the real-world spatial pattern of trees.  
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Materials and Methods  

 

This study was conducted in a loblolly pine (Pinus taeda) seed orchard within the Whitehall 

Forest in Athens, GA. Trees were planted in a regular grid arrangement, with an average spacing 

of about 6.15 m. At the time of this study, the trees were 34 years old (Figure 3.1). While 

representative of a regular pattern, the distances between the trees along and between rows are 

not exact, due to the natural growth and development forces on the trees. The density of the seed 

orchard was estimated to be 193 trees ha−1, with a basal area of 26.4 m2 ha−1. It is uncommon to 

use a seed orchard as study site for SPPA because the distribution (pattern) of trees is uniformly 

dispersed. However, by using the seed orchard we were able to avoid influence associated with 

the spatial placement of plots having environmental heterogeneity and potential clustering 

characteristics (Garzon-Lopez et al. 2014). A total 112 trees were used across the study site (0.61 

hectare), which is generally comparable to area required to reliably assess spatial pattern (Carrer 

et al. 2018). Therefore, this study site serves as a control pattern for evaluating the point pattern 

of tree bole positions determined using GNSS technology. 
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Figure 3.1 The study plot with 26 control points. These control points were determined based on 

the surveyed control points (#7, #20, CP1, and CP2) using trilateration. Each control points apart 

from each other in 6 meters.  

 

To determine the spatial locations of tree boles in the study area, three different GNSS receivers 

were used: a Trimble GNSS receiver (Juno T41, Trimble Inc., USA), a Garmin GNSS receiver 

(Oregon 700, Garmin, Olathe, KS, USA), and a Suunto GPS watch (Ambit Peak 3, Suunto, 

Finland). The Trimble Juno T41 GNSS receiver is classified as a mapping-grade receiver based 

on an estimated horizontal accuracy of 1 to 5 m (Lee et al. 2020) and a general price range of 

$1,000 to $9,000 (Bettinger & Merry 2011). The Garmin Oregon 700 GNSS receiver and the 

Suunto GPS watch are classified as recreation grade receivers based on an estimated horizontal 

accuracy between 6 to 12 m (Danskin et al. 2009, Lee et al. 2020) and a general price range of 
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$100 to $700. These horizontal accuracy statements are based on common, practical use of the 

devices, which consist of an average of a collection of position fixes (all determined within about 

30 seconds or less) from the mapping-grade device, and one waypoint from the recreation-grade 

devices to determine a horizontal position.  

 

The Trimble GNSS receiver was equipped with a relatively large GPS antenna manufactured by 

Inpaq technology Co. Ltd (Taiwan) (70×43.18×9 mm), which has the ability to utilize both GPS 

(United States) and GLONASS (Russian Federation) commercially available satellite signals. 

The receiver uses SOLO Forest software (Trimble Inc., USA) to facilitate data collection with 

masks limiting the maximum PDOP (positional dilution of precision) and minimum SNR (signal 

to noise ratio), and allowing the use of the Wide Area Augmentation System (WAAS) for near-

real time signal augmentation. The maximum PDOP and minimum SNR values were set to 8 and 

4, respectively, and WAAS augmentation was enabled. A PDOP value reflects the quality of 

satellite constellation arrangement; a lower PDOP value suggests a preferable satellite geometry 

(wider satellite spacing), which can help to minimize trilateration error and perhaps provide more 

accurate position descriptions (Lewis et al. 2007). A PDOP value of 4 or less suggests rather 

good satellite geometry has been obtained, and a PDOP value greater than 9 suggests rather poor 

satellite geometry. So, the maximum PDOP value of 8 assumed represents a moderate setting for 

satellite geometric arrangement in this study. A position was determined by the Trimble receiver 

by averaging around 15 position fixes (one per second) during each visit to each tree, which is 

typical in practice when using this device.  
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The Garmin GNSS receiver was equipped with a GPS antenna made by Cirocomm Technology 

Corp. (Taiwan) (size: 15×15×4 mm). Like the Trimble receiver, the Garmin receiver can utilize 

both GPS and GLONASS satellite signals. The Garmin receiver has limited configuration 

options and does not allow one to set the maximum PDOP and minimum SNR values. However, 

the WAAS augmentation system was employed. The Garmin receiver has a function to 

determine a position by averaging multiple position fixes, but this function was not used in this 

study. Positions were determined using a single position fix (waypoint), which is common in 

practice when using this device. Data was collected and stored using the WGS84 coordinate 

system, and data were downloaded using “basecamp” software (Garmin International, USA).  

 

The Suunto GPS watch is considered a non-traditional recreation-grade receiver. It is equipped 

with a GPS antenna equal in size to the Garmin GNSS receiver’s (size: 15×15×4 mm) made by 

Patron Co. Ltd (Korea). Similar to the Garmin receiver, the Suunto GPS watch has limited 

configuration options. A user can only change the GPS coordinate system specified for data 

collection. Here, the GPS coordinate system for data collection was set to UTM NAD1983. The 

Suunto GPS watch has no function for averaging multiple position fixes to determine a location, 

so a position was recorded as one point per each visit to each tree. Prior analysis of this GPS 

watch (Lee et al. 2020) suggested that it can provide an average horizontal position accuracy of 

29.6 m in an uneven-aged deciduous forest during the leaf-on conditions, and 22.1 m in an older 

pine forest in the southern United States. 

 

In prior observational studies, average horizontal position accuracy has been estimated for 

various types of GPS devices in forested conditions. However, the direction of the error around a 
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control point was not assessed except in one study (Bettinger & Merry 2012b). The combination 

of horizontal and directional error could affect the pattern of individual trees if mapping them 

were the main purpose. This interplay has yet to be researched and represents an area of novelty 

of this study. If one assumed that the direction of error of point locations for features such as 

trees was consistent within a short period of time, then the determined point positions should 

represent well the point pattern of the trees that they represent. Unaugmented GNSS position 

fixes collected with autonomous recreation-grade GNSS receivers have been used to develop 

databases of urban tree locations (Green et al. 2016, Tait et al. 2009) and rural forest tree 

locations (Fauzi et al. 2016b), yet in the latter case the data were deemed unsuitable for 

adequately describing individual tree locations. Alternative technologies such as RTK GNSS 

(Khot et al. 2006), differential GNSS, or simultaneous localization and mapping (SLAM) 

algorithms (Fan et al. 2018) may help improve horizontal position accuracy for individual trees 

in forests. However, as we noted earlier, we did not employ these augmentations during our tests 

as they are not commonly used in practice in the southern United States (Bettinger et al. 2019). 

 

The basis for the real point pattern of tree boles in our study area involved a ground survey of 

tree locations, beginning with the determination of three ground control points using a mapping-

grade receiver (Nomad 1050, Trimble Inc., USA) equipped with an external antenna (Garmin 

GPS 19x HVS, Garmin International, USA) and situated on a road next to the seed orchard 

(Figure 1). The mapping-grade receiver was allowed to warm up for 30 minutes, then position 

fixes were collected for a 20-minute time period on three different occasions. The mean northing 

and easting for each measurement period was then used to estimate each control point location. 

The mean northing and easting coordinates had standard deviations of 0.17 m and 0.45 m, so 
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these ground control points were considered to be relatively accurate locations. Tree bole 

locations were then estimated by triangulating the physical distance between trees, the distance 

from a control point, the azimuth from each tree to a ground control point, and the azimuth from 

tree to tree (Kiser 2008). These measurements were collected using a measuring tape and a laser 

rangefinder (TruPulse 360R, Laser Technology Inc., Centennial, CO, USA). The diameter at 

breast height (DBH) for each tree was also measured. In estimating the distance between two 

trees or between trees and the ground control point, the distance to the center of a tree stem was 

determined by adding half of the DBH to the measured distance. As multiple distance 

measurements were collected between sample trees, tree location was estimated with the 

optimization function using R (version 1.1.463, RStudio, Inc., Boston, MA, USA) to minimize 

the error derived from the difference between measured distance and calculated distance. Since 

the laser rangefinder has a manufacturer’s reported error of less than 0.5° in azimuth, the 

manufacturer’s angle error was considered by generating random numbers within this error range 

(0° to 0.5°) centered on the measured angle value to obtain the calculated distance. The estimated 

tree locations by optimization were assumed to be the basis for comparison against the GNSS-

determined tree locations.  

 

Tree bole locations determined using the three GNSS receivers were collected on four different 

occasions, at each cardinal position (north, south, east, and west) around a tree, and averaged to 

investigate whether the data collecting location around trees had significant effects on positional 

accuracy. In total, there were seven different data collection methods:  

 

Method “All”: the mean position of 16 points collected from every cardinal direction 
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Method “NS”: the mean position of 8 points collected from north and south sides of each tree 

Method “EW”: the mean position of 8 points collected from east and west sides of each tree 

Method “N”: the mean position of 4 points collected from north side of each tree 

Method “S”: the mean position of 4 points collected from south side of each tree 

Method “E”: the mean position of 4 points collected from east side of each tree 

Method “W”: the mean position of 4 points collected from west side of each tree 

 

The data collection process was time consuming and therefore it was not possible to complete in 

a single day. Instead, data were collected over a period of three weeks. We visited the study site 

at a similar time period (between 1 p.m. and 4 p.m.) of the day only when the weather was not 

severe (rainy, cloudy or windy). In this study, however, the weather conditions were not 

monitored, as it has been shown that local climatic conditions have little effect on positional 

accuracy of mapping-grade and recreation-grade GNSS receivers (Bettinger & Fei 2010, Ransom 

et al. 2010, Merry & Bettinger 2019). During the data collection effort, GNSS receivers were 

held on top of a monopod with a leveling device, to maintain a constant position. The monopod 

was located 1 m away from the stem of each tree, and the researcher always stood on the north 

side of the monopod. One half of each tree’s DBH was added to the 1 m of distance between the 

tree and the position of the monopod. This distance was used to locate the center of the tree stem 

from observed spatial data. Before collecting coordinate locations, both the Garmin GNSS 

receiver and the Trimble GNSS receivers were allowed to warm up for about 5 minutes. The 

Suunto GPS watch did not need warm-up time because it was always on and ready for collecting 

spatial data.  
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The first hypothesis of the study was that the horizontal positions determined using the different 

GNSS devices and the different methods to estimate tree bole location were not statistically 

different. The horizontal accuracy of data collected using each GNSS receiver was determined 

using the root mean square error (RMSE), which can be calculate as  

 

𝑅𝑀𝑆𝐸 =  √
∑ ((𝑥𝑖−𝑥)2+(𝑦𝑖−𝑦)2)𝑛

𝑖

𝑛
                                                                                                 (1) 

 

Where n is the total number of observations in a visit; I is the ith observation of the visit; xi and yi 

are the longitude and latitude, respectively, of the ith observations; and x and y are the assumed 

true easting and northing of the associated tree location. The RMSE is widely used for horizontal 

position accuracy with GNSS data (Ransom et al. 2010, Sigrist et al. 1999). In addition to it, the 

root squared error of the mean (RSEM) was calculated based on the mean center’s coordinates. 

The direction and tendency in collected data was investigated using a standard deviational ellipse 

described by an orientation angle and an anisotropic ratio (Ia) (Lee et al. 2020, Hung et al. 2019). 

To test the first hypothesis related to the RMSE and parameters of standard deviational ellipses, 

we applied the one-way ANOVA and Kruskal-Wallis test using R Studio software (2022.02.0, 

Rstudio, Inc., Boston, MA, USA). The RSEM and parameters of standard deviational ellipses 

were calculated with ArcMap GIS software (version 10.7.1, Esri Inc., Redlands, CA, USA). 

 

𝐼𝑎 =  (
𝑅−𝑟

𝑅
) 100                                                                                                                   (2) 
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The second hypothesis of this study was that the spatial pattern of tree locations determined 

using the GNSS receivers was completely random. The seed orchard trees planted in a regular 

pattern allowed us to assess this hypothesis that GNSS-determined positions are representative 

of a certain spatial pattern. To analyze the observed distributions (patterns) of tree boles, various 

kinds of distance-based statistical methods were applied including the average nearest neighbor 

(ANN) analysis, g(r) function, and 𝐿̂(𝑟) function so not to omit important information regarding 

spatial scale (Velázquez et al. 2016, Wiegand et al. 2013). The ANN analysis was applied using 

ArcMap GIS software (version 10.7.1 Esri Inc., Redlands, Cam USA) to determine whether the 

observed pattern of tree distribution in the seed orchard follows the CSR process. ANN analysis 

provides the ANN ratio (or an R-statistic) by comparing the average distance (𝐷̅0) from each 

object (i.e., tree position determined using a GNSS receiver) to its nearest object (i.e., another 

tree position) against the expected average distance (𝐷̅𝐸) under CSR. It also provides its 

significance using p-values and z-score indicating whether the observed patterns are statistically 

departed from the null model of CSR (Wiegand & Moloney 2013) as follows: 

 

𝐷̅0 =
∑ ⅆ𝑖

𝑛

𝑖=1

𝑛
 and 𝐷̅𝐸 =

0.5

√𝑛∕𝐴
                                                                                                     (3) 

𝐴𝑁𝑁 =
𝐷̅0

𝐷̅𝐸
                                                                                                                                (4) 

 

Where ⅆ𝑖 is the distance between tree i and its nearest neighboring tree, n is the total number of 

trees, and A is the study site area.  
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In this study, the ANN ratio (R) represents how the point patterns of the GNSS-determined 

positions are distributed. For example, when R = 1, points are considered to be distributed 

randomly. When R >1, points exhibit a dispersed point pattern (which would most 

closely emulate a regular pattern). When R <1, points are considered to exhibit a clustered 

pattern (Clark & Evans 1954).  

 

The L(r) function is a transformed version of ‘Ripley’s K function (K(r))’ and is widely used for 

SPPA in ecological literature (Gadow et al. 2012, Law et al. 2009, Wiegand & Moloney 2013). 

The K(r) function describes the pattern based on the quantity of the intensity (λ) and K(r), λ· 

K(r), which is the expected number of further points within distance r of the typical point 

(Wiegand et al. 2013, Wiegand & Moloney 2013). Since the expected number of points is 

increased at the rate of r2 when using the K(r) function, it can be transformed to the L(r) function 

(Wiegand & Moloney 2013). Calculated from K(r), the L(r) function (Besag 1977) is derived as 

follows: 

 

𝐾(𝑟) =
𝐴

𝑛2
∑ ∑ 𝑤𝑖𝑗

−1𝐼𝑟(𝑢𝑖𝑗)𝑛
𝑗

𝑛
𝑖=1                                                                                                    (5)  

 𝐿(𝑟) = √
𝐾(𝑟)

𝜋
                                                                                                                                (6) 

 

Further, the L(r) function can be normalized as below: 

 

𝐿̂(𝑟) =  𝐿(r) − 𝑟                                                                                                                           (7) 
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Where A is the study area, r is the radius, n is the number of individuals, 𝐼𝑟(𝑢𝑖𝑗  ) is an indicator 

function (which is either 1 when uij < r or 0 when uij > r), and wij is a weight value for Ripley 

edge correction. In this study, the 𝐿̂(𝑟) function was applied because it provides more 

interpretable graphs than K(r) and L(r) (Gadow et al. 2012). Since 𝐿̂(𝑟) has a value of 0 under 

CSR, it is easier to be assessed against the observed pattern (Wiegand & Moloney 2013). A 

positive value at distance r indicates that there are more points than the expected number of 

points, indicating a tendency toward clustering. Otherwise, a negative value at distance r means 

that there are less points than expected, indicating a tendency toward dispersing.  

 

The pair correlation (g(r) function) was also applied to analyze the observed patterns. The g(r) 

function is closely related to the K(r) function because both are second-order statistics. However, 

the g(r) function is discernable in that it is a non-cumulative function, accounting the expected 

point density within a ring with radius (r) and width (dr) centered in the typical point (Wiegand 

et al. 2013). Although cumulative functions including K(r) and L(r) function were still frequently 

used, we applied the g(r) function because it provides better assessments when it is compared to 

cumulative functions (Gadow et al. 2012, Hui et al. 2007, Law et al. 2009). When it comes to the 

cumulative function, effects observed at short spatial scales can obscure the effects observed at 

larger spatial scales (Wiegand & Moloney 2013). The g(r) can be calculated from K(r) (Stoyan 

& Stoyan 1996):  

 

𝑔(𝑟) =  
ⅆ𝐾(𝑟)

ⅆ𝑟
2𝜋𝑟⁄                                                                                                                    (8) 
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The g(r) provides value of about 1 when the data represent a CSR pattern, which is relevant to 

the independent of the intensity of the pattern (Gadow et al. 2012). Therefore, g(r) is considered 

as a summary statistic that discerns whether the observed pattern is clustered or dispersed 

(Wiegand & Moloney 2013). For example, if the pattern has a tendency toward dispersion, it will 

have fewer nearby points at small distance than the expectation under CSR, so it will result in a 

value less than 1. Otherwise, when the pattern has a tendency toward clustering, it will have 

more nearby points, which is equivalent to a value larger than 1. These summary statistics are 

frequently used for SPPA in ecology (Hui et al. 2007, Perry et al. 2006, Velázquez et al. 2016, 

Wiegand & Moloney 2013). They count the number of points at or within neighborhoods of 

other features based on the information of inter-point distances to derive spatial information 

(Gadow et al. 2012, Velázquez et al. 2016).  

 

Monte Carlo simulation was conducted for summary statistics (g(r), K(r), and 𝐿̂(𝑟)) to produce 

pseudo significance levels via repeated randomization. A significant departure from the null 

hypothesis of CSR was estimated by 200 Monte Carlo simulations and the highest and lowest 

values of these simulations represent approximately 95% upper and lower confidence limits of 

the null model of CSR. Two hundred simulations were considered sufficient to generate 

envelopes for determining whether the null model can be rejected or not (Velázquez et al. 2016). 

The Ripley edge correction was utilized in SPPA for this study and we conducted SPPA using 

the “spatstat” package in R, which is a standard toolbox for this subject area (Law et al. 2009).  
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Results and Discussion  

 

With respect to the first hypothesis of this study, the horizontal positional accuracy was analyzed 

for different tree bole position measurement methods and GNSS receiver types. For the Garmin 

receiver, occasionally it provided a sub-meter accurate horizontal position, but on average, 

horizontal position accuracy (as reported using RMSE) for representing the locations of trees 

was 10–12 m (Table 3.1). The greatest positional error measured was 28 m, and the coefficient 

of variation was 25–40%. For the Suunto receiver, occasionally it provided about 1 m accurate 

horizontal positions, but on average, horizontal position accuracy was 9–13 m, which was 

consistent with a previous study (Lee et al. 2020). The greatest positional error was 82 m, and the 

coefficient of variation was 40–90%, suggesting much more variation in determined positions 

than when the Garmin device was used. For the Trimble receiver, a few submeter accurate 

horizontal positions were determined, but on average, horizontal position accuracy was 5–8 m. 

The greatest measured positional error was 19 m, and the coefficient of variation was 30–60%. 

Therefore, as expected, the mapping-grade receiver provided the most accurate estimates of tree 

positions with the lowest amount of variation compared the recreation-grade receivers. These 

findings were statistically significant, with p-values of less than 0.05 (Figure 3.2).  
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Figure 3.2 Boxplots for horizontal positional accuracy (RMSE) by methods and GNSS receiver 

types (A mean center of observed points at every cardinal point: A; A mean center of observed 

points at two cardinal points: B; A mean center of observed points at each cardinal point: C). 

Different letters indicate significant differences between the groups (p-value <0.05). 
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Table 3.1 A summary of raw data observations for different GNSS receiver types and 

measurement methods. 

Device / 

metrics 

All  Two NS EW Single 

  

N S E W 

Garmin 

Oregon 

700 

         

          

Mean 

RMSE 

(m) 

11.31 11.17 11.11 11.22 10.77 9.61 11.81 9.24 12.40 

Minimum 

RMSE 

(m) 

5.92 3.11 5.47 3.11 0.97 1.71 0.97 1.41 2.74 

Maximum 

RMSE 

(m) 

19.84 21.55 18.52 21.55 27.63 20.16 24.85 20.69 27.63 

Standard 

deviation 

of RMSE 

(m) 

2.93 3.44 3.04 3.81 4.54 3.97 4.26 3.89 5.16 

n 97 194 97 97 388 97 97 97 97 

 

All Two NS EW Single  N S E W 
Suunto 

watch 

GPS 

          

Mean 

RMSE 

(m) 

12.34 11.91 12.03 11.79 11.22 9.04 13.52 10.97 11.34 

Minimum 

RMSE 

(m) 

5.96 3.15 3.27 3.15 1.06 1.06 3.67 1.34 2.53 

Maximum 

RMSE 

(m) 

44.04 58.85 42.08 58.85 82.31 40.79 59.20 82.31 30.95 

Standard 

deviation 

of RMSE 

(m) 

5.12 6.05 4.99 6.98 7.26 5.27 6.90 10.02 5.13 

n 97 194 97 97 388 97 97 97 97 

 All Two NS EW Single  N S E W 
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Trimble 

Juno T41 

          

Mean 

RMSE 

(m) 

6.87 6.71 6.41 7.00 6.36 5.21 6.95 5.22 8.04 

Minimum 

RMSE 

(m) 

3.14 1.95 1.95 2.02 0.91 1.12 0.91 0.92 2.97 

Maximum 

RMSE 

(m) 

12.77 16.11 14.80 16.11 18.86 18.86 17.59 14.89 17.25 

Standard 

deviation 

of RMSE 

(m) 

2.00 2.51 2.67 2.31 3.29 3.02 3.47 2.82 2.97 

n 97 194 97 97 388 97 97 97 97 

 

Regarding measurement methods that might improve horizontal positional accuracy, it was 

expected that determining a tree bole position using multiple cardinal positions would provide 

better horizontal positional accuracy regardless of GNSS receiver used. Interestingly, however, 

the highest and lowest mean RMSE values were observed when a tree bole position was 

determined at a single cardinal point regardless of GNSS receiver (Figure 3.3). When tree bole 

positions were determined from the East or North sides of a tree, the lowest positional error was 

observed. Otherwise, the highest positional errors were observed when tree boles were located 

South or West of each measurement point. Regarding the positional errors obtained by the 

average from all cardinal points and the average from two cardinal points (North and South; East 

and West), there were no significant differences (Figure 3.3).  
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Figure 3.3 Boxplots for horizontal positional accuracy (RMSE) of observed points using 

different methods within each GNSS receiver type (A mean center of observed points every 

cardinal points: all; a mean center of observed points at the North and South: NS; a mean center 

of observed points at the East and West: EW; a mean center of observed points at the North: N; a 

mean center of observed points at the South: S; a mean center of observed points at the East: E; a 

mean center of observed points at the West: W; Garmin Oregon 700: A; Suunto GPS watch: B; 

Trimble Juno T41: C). Different letters indicate significant differences between the groups (p-

value <0.05). 

 

These results suggested that determining a tree bole location using multiple cardinal positions 

might not be helpful and does not influence horizontal positional accuracy in a forested area. 

Various factors related to measurement methods have been tested in prior studies to improve the 

performance of GNSS receivers. For example, Weaver et al. (2015) investigated the effect of 

holding position for GNSS receivers on horizontal position accuracy and confirmed holding a 

GNSS receiver vertically provided improved horizontal positional accuracy compared to holding 

it at an angle or horizontally. Further, Bettinger and Merry (2012a) suggested that the number of 
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fixes to determine the location of tree did not influence horizontal position accuracy, since 

random trends were observed in different forest types. However, in one case the observation time 

was considered the most important factor for improving horizontal positional accuracy of GNSS 

receivers (Næsset & Gjevestad 2008). While our short data collection period may have affected 

horizontal positional accuracy, the method for collecting positional information in this study 

represented well the way it is applied in a real-world, practical setting. All this aside, it is 

interesting to note that due to the difficulties encountered in determining accurate tree positions 

in a forested environment, it has been suggested that more traditional survey techniques be 

employed to better represent the true location of individual trees (Edson & Wing 2012). 

Alternatively, if time and cost were not an issue, the use of survey-grade GNSS receivers or RTK 

(and other) real-time augmentation methods may better accomplish the mission than using basic 

mapping-grade or recreation-grade GNSS receivers.  

 

When evaluating the mean center coordinates of the average position determined for each tree 

using the RSEM, the highest and lowest positional error was also observed when the tree bole 

locations were determined at single cardinal point (Table 3.2). The mean center of tree locations 

determined by each GNSS receiver was located to the South of true tree locations, where the 

difference from the actual tree bole location had a negative northing regardless of measurement 

method. Further, most of the mean center X coordinates were biased to the West of the actual 

tree locations, where the difference from the actual tree location had a negative easting 

regardless of measurement method and GNSS receiver type. The bias in determined positions 

was also observed in a previous study using a GPS watch and mapping-grade receiver, where the 

X coordinates were biased to the West of true tree locations regardless of GNSS receiver grade, 
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season, and forest type, but the reason was not confirmed (Lee et al. 2020). The RSEM values 

provide a different picture of the horizontal accuracy of the GNSS devices since they somewhat 

correct for directional error (deviations on two sides of true tree bole positions provide a better 

estimated representation of the location of trees) while RMSE values ignore directional issues 

and simply report distance deviation regardless of the direction. For the Garmin receiver, RSEM 

values ranged from 5–13 m, error was often to the South and West of true tree bole positions, the 

angle of rotation of the estimated ellipse was East-Southeast, and the area of the estimated ellipse 

was rather large (Table 3.2). For the Suunto receiver, RSEM values ranged from 5–11 m, error 

was often to the South and West of true tree bole positions, the angle of rotation of the estimated 

ellipse was Northeast-East, and the area of the estimated ellipse was generally larger than that 

estimated for the Garmin device. For the Trimble receiver, RSEM values ranged from 3–7 m, 

error was often to the South and West of true tree bole positions, the angle of rotation of the 

estimated ellipse was Southeast, and the area of the estimated ellipse was smaller than that 

estimated for the other devices. The anisotropic ratios for tree locations determined by the 

Trimble receiver were lower, indicating it generally had lower bias in direction than the other 

two devices. In concert with the previously reported results, the mapping-grade receiver provided 

the most accurate estimates of tree bole positions with the lowest amount of variation.  
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Table 3.2 A summary of the elliptical parameters estimated from positions determined by 

different GPS equipment using different measurement methods (RSEM = root squared error of 

the mean; Mean X coordinate = the mean of difference between observed X coordinates and 

control X coordinate; Mean Y coordinate = the mean of difference between observed Y 

coordinates and control Y coordinate; Ia = the anisotropic ratio).  

Device / 

metrics 

All  Two NS EW Single 

  

N S E W 

Garmin 

Oregon 

700 

         

          

Mean 

RSEM 

(m) 

7.54 7.54 7.39 7.70 7.54 6.21 9.39 5.62 10.34 

Mean X 

coordinate 

(m) 

-1.45 -1.45 -1.26 -1.65 -1.45 -3.38 0.86 0.82 -4.11 

Mean Y 

coordinate 

(m) 

-7.40 -7.40 -7.28 -7.53 -7.40 -5.21 -9.35 -5.56 -9.49 

Angle of 

rotation 

(°) 

108.57 104.20 106.23 100.65 101.42 100.17 113.60 109.84 59.46 

Ia (%) 37.38 30.80 39.50 22.19 21.19 32.10 26.11 33.30 14.27 

Area of 

ellipse 

(m2) 

110.32 153.92 144.15 160.69 242.97 202.78 207.68 199.62 226.92 

 

All Two NS EW Single N S E W 
Suunto 

watch 

GPS 

          

Mean 

RSEM 

(m) 

7.85 7.85 7.78 7.94 7.85 5.00 11.00 6.97 9.48 

Mean X 

coordinate 

(m) 

-0.09 -0.09 0.17 -0.35 -0.09 -1.62 1.96 1.84 -2.54 
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Mean Y 

coordinate 

(m) 

-7.85 -7.85 -7.78 -7.93 -7.85 -4.74 -10.83 -6.73 -9.13 

Angle of 

rotation 

(°) 

95.92 88.05 95.16 66.30 87.20 107.97 83.87 24.27 61.67 

Ia (%) 32.30 24.37 42.00 13.39 13.10 37.31 40.28 13.57 16.17 

Area of 

ellipse 

(m2) 

127.59 198.80 160.41 225.73 362.79 237.93 300.93 532.02 200.14 

 

All Two NS EW Single N S E W Trimble 

Juno T41 

          

Mean 

RSEM 

(m) 

4.55 4.55 4.01 5.09 4.55 3.22 5.21 3.52 6.89 

Mean X 

coordinate 

(m) 

-0.66 -0.66 -0.73 -0.59 -0.66 -1.78 0.32 0.62 -1.79 

Mean Y 

coordinate 

(m) 

-4.50 -4.50 -3.94 -5.06 -4.50 -2.68 -5.20 -3.47 -6.65 

Angle of 

rotation 

(°) 

121.77 134.35 128.96 138.14 148.90 154.33 121.33 168.06 114.41 

Ia (%) 21.19 16.71 22.81 9.11 10.81 16.18 24.07 19.58 5.73 

Area of 

ellipse 

(m2) 

27.78 47.36 50.35 42.07 95.24 79.60 100.10 69.78 81.24 

 

 

Regarding the second hypothesis of this study, the ANN analysis of the point pattern of true tree 

bole locations (control point pattern) suggested it had a dispersed pattern (regular pattern), and 

that it was significantly different from the CSR (Table 3.3). The ANN ratio for the control point 

pattern indicated that it had longer average distance to the nearest tree compared to the expected 

average distance under CSR (ANN ratio = 1.49). Statistically, observed point patterns from other 

methods were internally similar when the tree bole locations were measured at two cardinal 
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points (North and South) using the Garmin receiver and when the tree bole locations were 

determined at two sides (East and West), and South and East using Suunto GPS watch (Table 

3.3). Therefore, we assumed these point patterns might be meaningful to proceed further with 

spatial point pattern analyses such as g(r) function, K(r) function and 𝐿̂(𝑟) function. In addition, 

we investigated observed point patterns to decide, which point patterns should proceed with 

further analyses (Figure 3.4, 3.5, and 3.6).  

 

However, most observed patterns seemed to not resemble the control point pattern; thus, we 

decided to choose the point patterns measured by method “All”, which represented lines of trees 

regardless of GNSS receiver. Lastly, three observed point patterns by GNSS receiver were 

selected based on mean RMSE from the smallest value. Therefore, we analyzed point patterns 

measured by method “NS”, “S”, and “N” for the Garmin receiver. Regarding the Suunto GPS 

watch, point patterns observed by method “N”, “E”, and “W” were selected. The point patterns 

from the Trimble receiver included points patterns determined by method “NS”, “N”, and “E”. In 

sum, a total of 15-point patterns including the control point pattern were selected for further 

spatial analysis such as g(r) function, K(r) function and 𝐿̂(𝑟) function.  
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Table 3.3 A summary of average nearest neighbor (ANN) analysis for different GNSS receivers 

and measurement methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

True tree 

location 
 1.49 9.82 <0.01 

Device 
Measurement 

methods 
ANN ratio z-score p-value 

Garmin Oregon 700 

     

 All 1.09 1.69 0.09 

 NS 1.16 3.01 <0.01 

 EW 1.10 1.79 0.07 

 N 1.06 1.14 0.25 

 S 1.03 0.53 0.59 

 E 1.04 0.81 0.42 

 W 1.12 2.28 0.02 

Suunto GPS Watch 

 All 1.05 0.98 0.33 

 NS 1.02 0.45 0.65 

 EW 1.20 3.80 <0.01 

 N 1.01 0.26 0.79 

 S 1.16 2.93 <0.01 

 E 1.20 3.81 <0.01 

 W 1.12 2.19 0.03 

Trimble Juno T41 

 All 1.03 0.50 0.62 

 NS 0.98 -0.32 0.75 

 EW 1.08 1.55 0.12 

 N 1.03 0.53 0.60 

 S 0.95 -0.92 0.36 

 E 1.05 0.97 0.33 

 W 0.90 -1.96 0.05 
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Figure 3.4 The point patterns observed by Garmin receiver depending on measurement method 

(a: true location, b: North, c: South, d: East, e: West, f: North and South, g: East and West, h: 

All). 

 

Figure 3.5 The point patterns observed by the Suunto GPS watch depending on measurement 

method (a: true location, b: North, c: South, d: East, e: West, f: North and South, g: East and 

West, h: All). 
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Figure 3.6 The point patterns observed by the Trimble GNSS receiver depending on 

measurement method (a: true location, b: North, c: South, d: East, e: West, f: North and South, g: 

East and West, h: All). 

 

The control point pattern represented a statistically significant dispersed pattern (regular pattern) 

at distances of 3 to 7 m, which is consistent with the actual average tree spacing of 6.12 m 

(Figure 3.7, 3.8, 3.9 a). At a larger distance scale, there was no evidence of either aggregation or 

regularity when K(r) and 𝐿̂(𝑟) functions were applied (Figure 3.7, 3.8 a). Regarding the observed 

point pattern from using GNSS receivers and methods, the K(r) lines did not represent significant 

deviation from the expected line, which indicates the point patterns follow complete randomness 

(Figure 3.7). However, statistically significant clustered patterns were observed at the wider 
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distance range regardless of GNSS receivers and methods except the point pattern observed by 

the Garmin receiver using method “E” (Figure 3.7). The 𝐿̂(𝑟) function also detected clustered 

patterns at larger distance range, but the dispersed pattern (regular pattern) was not observed in 

any observed point patterns (Figure 3.8). The 𝐿̂(𝑟) function suggested that point patterns 

observed with the Garmin and Trimble receivers using measurement method “E” followed the 

complete randomness across distance ranges (Figure 3.8 j and o). Unlike K(r) and 𝐿̂(𝑟) function, 

the g(r) function detected some evidence of a clustered pattern at certain distances from the 

control point pattern in addition to the evidence of regularity at the distance scale of around 5 m 

(Figure 3.9 a). For example, the suggestive evidence of aggregation was confirmed at around 7, 

9, 15, and 20 m of distance scale. Regarding the observed point patterns, a significant dispersed 

pattern (regular pattern) was not detected. Rather, g(r) function lines for observed point patterns 

showed almost no deviation from the expected values indicating a random distribution (Figure 

3.9). In addition, a statistically significant clumpy distribution was observed at various distances 

regardless of GNSS receiver and method employed. We had assumed that direction of error 

would be similar with data collected by each device during a short period of time, but this was 

not necessarily the case (Figure 3.10).  
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Figure 3.7 Ripley’s K functions (K(r)) for point patterns observed by different GNSS receivers 

and measurement methods (a: True tree location; b, c, d, e: Garmin receiver; f, g, h, i, j, k: 

Suunto GPS watch; l, m, n, o: Trimble receiver; b, f, l: method “All”; c, m: method “NS”; g: 

method “EW”; d, h, n: method “N”; i: method “S”; e, j, o: method “E”; k: method “W”). 

Horizontal axes are the distances r between pairs of individuals. Heavy lines show the observed 

statistic, and the horizontal red dotted lines show the value of K(r) expected from a Poisson 

process. Gray lines are approximate 95% confidence envelopes for the hypothesis of complete 

spatial randomness, obtained from 200 independent randomizations of the locations of the trees. 
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Figure 3.8 The normalized L(r) functions (𝐿̂(𝑟)) for point patterns observed by different GNSS 

receivers and measurement methods (a: True tree location; b, c, d, e: Garmin receiver; f, g, h, i, j, 

k: Suunto GPS watch; l, m, n, o: Trimble receiver; b, f, l: method “All”; c, m: method “NS”; g: 

method “EW”; d, h, n: method “N”; i: method “S”; e, j, o: method “E”; k: method “W”). 

Horizontal axes are the distances r between pairs of individuals. Heavy lines show the observed 

statistic, and the horizontal red dotted lines show the value of 𝐿̂(𝑟)  expected from a Poisson 

process. Gray lines are approximate 95% confidence envelopes for the hypothesis of complete 

spatial randomness, obtained from 200 simulations. 
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Figure 3.9 Pair correlation (g(r) function) for point patterns observed by different GNSS 

receivers and measurement methods (a: True tree location; b, c, d, e: Garmin receiver; f, g, h, i, j, 

k: Suunto GPS watch; l, m, n, o: Trimble receiver; b, f, l: method “All”; c, m: method “NS”; g: 

method “EW”; d, h, n: method “N”; i: method “S”; e, j, o: method “E”; k: method “W”). 

Horizontal axes are the distances r between pairs of individuals. Heavy lines show the observed 

statistic, and the horizontal red dotted lines show the pair correlation function expected from a 

Poisson process. Gray lines are 95% Monte Carlo simulation envelopes obtained from 200 

simulations. 

 

In sum, each of the basic mapping-grade and recreation-grade GNSS receivers we tested 

provided a pattern of determined tree bole positions that did not reflect the original pattern of the 

trees in the seed orchard. In fact, the determined tree positions provided an ANN ratio that was 

close to 1, reflecting a tendency toward the representation of a random pattern of trees rather 

than a regular arrangement of trees. Based on the ANN ratio, the pattern of determined tree 
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positions from the Garmin and Suunto devices probably better reflected the original pattern of 

the tree boles in the seed orchard, yet still did not represent the pattern adequately when applying 

other summary statistics. Further research in this mission to use GNSS receivers to denote the 

location of trees in a forested setting seems necessary. If one chooses to accept the mission, it 

might involve determining whether the use of a RTK GNSS system or other augmentation 

methods such as DGPS and SLAM can overcome the limitations associated with unaugmented 

GNSS position fixes collected with autonomous recreation-grade GNSS receivers can develop 

relatively accurate databases of individual tree bole locations within forests that also maintain the 

fidelity of the actual tree pattern. 

 

 

Figure 3.10 The direction of error for data collected by Trimble receiver using “All” method 

within short period of time (a: collected on February 22nd, 2021; b: collected on March 6th, 

2021). 
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Conclusions  

 

In this study, various methods to determine tree bole locations using GNSS receivers were 

investigated using horizontal positions (point locations) determined by GNSS receivers. In 

addition, various summary statistics were applied to assess whether the pattern of the control 

points and the observed points (the GNSS-determined positions) was indeed regular at a distance 

range, which is equivalent to the average tree spacing (around 6 m) in a pine seed orchard. Given 

that the range of horizontal position error was greater than the spacing between the real trees, it 

was not unexpected that the tree bole locations determined by the three GNSS receivers were 

not representative of the actual regular pattern of tree boles. The results of the spatial point 

pattern analysis only indicated a significant regular pattern of trees from the very careful field 

measurement of the control points. These results and ranges of horizontal position error are 

relevant to other efforts, which use non-augmented GNSS technology in forested areas. These 

results suggest that even acceptable ranges of horizontal positional error from unaugmented, 

basic GNSS technology can be associated with a self-destruction of the actual spatial 

point pattern of trees in a forested setting.   
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Abstract 

 

Global Navigational Satellite System (GNSS) technologies have been developed to address 

demand for enhanced positional accuracy. Smartphones are the most prevalent consumer-grade 

GNSS receiver today and have garnered attention thanks to improved positional accuracy and 

usability that can be accessed at an affordable price. In a forested environment, multipath error 

can deteriorate the positional accuracy, depending on state of nearby vegetation. Therefore, this 

study was conducted to investigate the impacts of the size and location of vegetation on 

positional accuracy of GNSS receivers to determine whether the errors observed are systematic. 

Twenty-six control points within the Whitehall Forest GPS Test site in Athens, Georgia were 

used to evaluate positional accuracy of three different types of GNSS receivers (mapping-grade, 

consumer-grade GNSS receiver, and a smartphone). Thirty-five forest variables were developed 

from information around each control point to conduct a correlation analysis with observed 

horizontal position error in the positions determined by each device. In this study, we confirmed 

that the positional error of the smartphone was significantly lower than the consumer-grade 

GNSS receiver, and similar, but significantly different than the positional error observed by the 

mapping-grade receiver. We confirmed significant correlations between forest variables and 

horizontal position error regardless of the GNSS receiver employed, yet trends were not 

consistent. The effect of the size of nearby trees on horizontal position error could not be 

generalized, however the location of nearby trees on horizontal position error could. 
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Introduction 

 

Since the United States (NAVSTAR GPS) and Russian (GLONASS) global positioning systems 

were begun, Global Navigational Satellite Systems (GNSS) have developed relatively rapidly 

over the last 50 years. Today, GNSS constellations include NAVSTAR GPS, GLONASS, 

GALILEO (European Union), BeiDou (China), NAVIC (India), and QZSS (Japan) and when 

combined, they currently have over 120 satellites in use for navigational purposes above Earth. 

These GNSS constellations utilize a variety of electromagnetic frequencies to transmit signals to 

GNSS receivers. These options facilitate many precise-positioning applications (such as 

navigation, timing, and remote sensing) through improved satellite visibility and ambiguity 

resolution of signals (Li et al. 2015, Paziewski 2020). Advancements in associated GNSS 

technologies (GNSS antenna chipsets and augmentation systems) have also acted to enhance the 

accuracy of horizontal positions determined by GNSS receivers.  

 

GNSS receivers are used by people to navigate and map land and water features and are often 

categorized as belonging to three grades (survey, mapping, and consumer) depending on their 

general ability to correctly determine and position and their general cost. Even though survey-

grade receivers provide the highest level of positional accuracy, their acquisition cost and their 

extended time to determine positions hinder their general use in the forestry practice, except in 

cases where property corners or other important landscape positions need to be mapped or 

located with a very high degree of accuracy. Indeed, in a recent survey only 2.8% of foresters in 

the southern United States indicated that they utilized survey-grade GNSS receivers in their 

normal work activities (Bettinger et al. 2019). Mapping-grade and consumer-grade GNSS 
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receivers are much more generally used in the practice of forestry for navigation and mapping 

purposes (Bettinger et al. 2019). These types of GNSS receivers are more affordable than survey-

grade receivers and include moderately priced (up to about $5,000) devices dedicated to data 

collection and navigation as well as more common smartphones and tablets (Bettinger et al. 

2019, Keefe et al. 2019). New developments in GNSS technologies have made it possible to use 

lower grade GNSS receivers to obtain relatively accurate (2-10 m) horizontal position 

information (Paziewski 2020). In addition, the positional accuracy of landscape features 

determined by mapping- and consumer-grade receivers can be improved by using them in 

conjunction with other technologies such as RFID (radio frequency identification), UWB (ultra-

wideband) and localization techniques such as INS (inertial navigation system) and RTK (real-

time kinematic) (Keefe et al. 2019, Zangenehnejad and Gao, 2021).  

 

Among consumer-grade GNSS receivers, smartphones have attracted the attention of researchers 

and forestry practitioners as an alternative GNSS receiver because they can address user desires 

for lower-cost, more portable, wearable devices (Lachapelle et al. 2018, Paziewski 2020, 

Zangenehnejad and Gao, 2021) that facilitate alternative uses (telecommunication, applications). 

About 331.2 million smartphones were shipped to people around the world during the third 

quarter of 2021, and the demand is expected to continue to be strong despite supply chain issues 

associated with the Covid-19 pandemic (IDC Corporate USA 2021, Menard et al. 2011, 

Zangenehnejad and Gao 2021). Some have therefore suggested that the smartphone should be 

considered as the most prevalent, general type of GNSS receiver in the market today (Paziewski 

2020, Tomaštík and Varga 2021).  
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With the massive popularity of smartphones among society, the need to evaluate the feasibility 

of using them as GNSS receivers to collect positional information is important. Studies 

concerning smartphone positioning accuracy have significantly increased in the past few years 

with the development of mass-market GNSS chipsets and the accessibility of raw GNSS 

measurements (Paziewski 2020). Low-cost, mass-market GNSS chipsets within smartphones 

have been studied, as well as chipsets that can accommodate dual frequency multi-constellation 

signals, allowing one to track modernized GNSS signals (i.e. L5/E5) (Paziewski 2020). These 

advances may facilitate enhanced positional accuracy by potentially mitigating ionospheric 

effects on signal propagation (Tomaštík and Varga 2021, Zangenehnejad and Gao 2021). With 

the advent of the Application Programming Interface 24 (API 24) in 2016, raw GNSS 

measurements including pseudoranges, carrier phases, Doppler GNSS measurement, navigation 

messages, and hardware clocks may be accessible to users and developers (Paziewski 2020, 

Tomaštík and Varga 2021). This information would then allow one to investigate the potential 

augmentation improvements of various post-processing algorithms that have been designed for 

higher grade GNSS receivers (Tomaštík and Varga 2021).  

 

According to previous studies, the GNSS chipset typically equipped within smartphones has a 

few unique characteristics compared to the GNSS chipsets installed in other GNSS receivers. It 

seems that smartphones have been designed to be sensitive to weaker GNSS signals compared to 

other GNSS receivers, and smartphones may be able to utilize an Assisted GPS (A-GPS) 

technology, which uses the Internet or Wi-Fi signals to acquire satellite information, such as the 

almanac and satellite-specific ephemeris, from network providers (Tomaštík and Varga 2021, 

Yoon et al. 2016, Zandbergen and Barbeau 2011). This additional information may be 
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advantageous to the use of smartphones, by reducing the signal search space and the time 

required to determine a position, and this information can potentially increase positional 

accuracy even in indoor conditions (Tomaštík and Varga 2021). However, smartphones may also 

have inherent weaknesses, as some employ duty cycling, which makes the satellite signal data 

collection process within smartphones operate in a discontinuous manner (Paziewski 2020, Yoon 

et al. 2016). This function was designed to prevent an adverse rate of battery drainage, but it 

causes discontinuities in phase observables, which can negatively affect the ability of a 

smartphone device to precisely determine a position (Gogoi et al. 2019). Due to this and perhaps 

other hardware and software limitations, smartphones generally have a lower carrier-to-noise 

ratio (C/N0) when collecting positional information, compared to the higher grade GNSS 

receivers (Humphreys et al. 2016, Paziewski 2020, Zhang et al. 2018).  

 

Multipath may be the largest source of error when GNSS receivers are used within a forest 

(Danskin et al. 2009). Some studies have tried to reduce the impact of multipath error by using 

an anechoic chamber, a choke ring antenna, or a radio frequency shield box or plate (Danskin et 

al. 2009, Fortunato et al. 2019, Gogoi et al 2019, Li and Geng 2019, Tomaštík and Varga 2021). 

However, it is almost impossible to mitigate the impact of multipath error when navigating or 

working in a forest, as the arrangement of nearby obstructions (trees) and the arrangement of the 

satellite constellation are constantly changing as one moves around. Because of this, most studies 

(except Danskin et al. 2009) have been conducted under open area or low multipath conditions to 

reduce the multipath error and attain the highest positional accuracy. There have been attempts to 

investigate the effects of nearby vegetation (forest age, composition, and juxtaposition of trees) 

on positional accuracy determined by GNSS receivers, yet only weak correlations with 
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horizontal positional accuracy were observed (Bettinger and Merry 2012, Murgaš et al. 2018). 

None of these studies involved the use of smartphones. Tomaštík and Varga (2021) assumed that 

the distance of a tree stem to the position being determined by a GNSS receiver would hinder 

GNSS signal reception as trees were closer to the receiver. Therefore, one can argue that the 

impact of multipath when using smartphones in forested areas has not yet been thoroughly 

examined, and that it is essential to investigate the horizontal position accuracy of smartphones 

in environments where they may often be used (Zangenehnejad and Gao 2021). 

 

The first objective of this study was to evaluate the feasibility of three GNSS receivers (a 

smartphone, a consumer-grade GNSS receiver, and a mapping-grade GNSS receiver) as a 

reliable GNSS receiver in a forested area, by comparing their positional accuracy. We focused on 

the practical common use of GNSS receivers in forestry by limiting the observation time (less 

than a minute) during the field data collection effort. The performance of the GNSS receivers 

was evaluated based on the static horizontal positional accuracy that practitioners regularly 

encounter, employing neither post-process algorithms nor external GNSS antennas. The 

mapping-grade GNSS receiver was evaluated in this study as the control, the type of receiver that 

professional foresters commonly use for navigation and field data collection activities. The 

second objective of this study was to investigate the impact of nearby forest conditions on 

positional accuracy of these GNSS receivers. We developed a suite of forest variables that were 

based on the location and size of nearby trees. Some of these forest variables were guided by 

Tobler’s First Law that “near things are more related than distant things” (Tobler 1970). We 

hypothesize that forest vegetation, as described by the size and location of nearby trees, is 

correlated with the observed horizontal position error one may experience when determining 
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positions with a GNSS receiver. We therefore investigated whether the distance or direction of 

trees to a sample point, along with the size of the trees, had an influence on the horizontal 

accuracy of positions determined by GNSS receivers.  

 

Materials and Methods 

 

The control points for this study were established based on the surveyed control points at the 

Whitehall Forest GPS Test Site (gps-test-site.uga.edu) in Athens, Georgia (USA). The GPS Test 

Site contains 3 Online Positioning User Service (OPUS) monuments and 37 permanent control 

points which were established in 2004 by professional surveyors. The positions of the 3 

monuments were determined using positions (epochs, position fixes) collected for 4 hours using 

an Ashtech Locus survey-grade GNSS receiver. The horizontal position of these 3 monuments is 

assumed very accurate (under 2 cm), and they have been accepted into the National Spatial 

Reference System (NSRS). These monuments are marked with aluminum pins about 9 cm in 

diameter and 1 m long. The horizontal positions of the 37 permanent control points throughout 

the GPS Test Site were determined by professional surveyors using a Topcon GTS-211D 

instrument to develop a closed traverse survey. The horizontal positions of these 37 permanent 

control points are considered to be nearly as accurate as those of the 3 OPUS monuments.  

 

Two of the 37 permanent control points were selected and used as centers around which we 

established several other temporary control points. These 2 permanent control points were 

located within an older, deciduous, uneven-aged forest consisting of Quercus spp., Carya spp., 

Ostrya virginiana, and other tree species, of which the density was 126 trees ha-1, the basal area 
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was 23.0 m2 ha-1, and the dominant trees were 70 to 80 years old. Around these 2 permanent 

control points, 24 temporary control points were established using careful triangulation, 

providing a total of 26 control points upon which this study is based (Figure 1). Each temporary 

control point was located on a 6 m grid around one of the 2 permanents control points, up to a 

radius of 12 m (Figure 4.1).  

 

 

Figure 4.1 The study location of a portion of the GPS Test Site in Athens, Georgia (USA). The 

temporary control points were placed on a 6 m grid around a permanent control point. 
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A mapping-grade GNSS receiver and two consumer-grade GNSS receivers were used in this 

research study to evaluate horizontal position accuracy and tree interactions. The mapping-grade 

receiver was a Trimble Juno T41 (Trimble Inc., Sunnyvale, CA, USA), which was equipped with 

a GPS antenna that was manufactured by Inpaq technology Co. Ltd (Chunan, Miaoli, Taiwan) 

(70×43.18×9 mm). Mapping-grade GNSS receivers have been shown to provide very good 

horizontal position accuracy (1 to 5 m) under forest canopies, and the acquisition price generally 

ranges between $1,000 and 10,000 (Bettinger and Merry 2011). With this GNSS receiver, 

positional data were collected using SOLO Forest software (Trimble Forestry Automation 2012) 

which allows users to change settings such as the maximum PDOP (positional dilution of 

precision), minimum SNR (signal to noise ratio), and whether the Wide Area Augmentation 

System (WAAS) is used. For this study, the maximum PDOP was assumed to be 8, the minimum 

SNR was assumed to be 4, and WAAS augmentation was enabled. Unlike the consumer-grade 

GNSS receivers we tested, the mapping-grade GNSS receiver collected points (position fixes) 

and averaged those to determine a single horizontal position and allowed the user to monitor the 

standard deviation of the location of the determined positions and the number of position fixes 

that were recorded. The final, averaged determined position was accepted as a data observation 

only when the standard deviation was less than 1.5 meters, and the number of position fixes was 

greater than 25. The data was recorded using the WGS84 coordinate system and exported in a 

shapefile format for further processing. 

 

Two consumer-grade GNSS receivers, a Garmin Oregon 700 GNSS receiver (Garmin, Olathe, 

KS, USA) and an iPhone 12 Pro smartphone (Apple Inc., Cupertino, CA, USA) were used in this 

study. Compared to the mapping-grade GNSS receiver, these consumer-grade receivers did not 
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allow specific PDOP and SNR settings. Further, these consumer-grade GNSS receivers 

determined positions using a single point (position fix) rather than the average of multiple points. 

The Garmin receiver is a traditional handheld GNSS receiver with a GPS antenna made by 

Cirocomm Technology Corp. (Taoyuan City, Taiwan) (size: 15×15×4 mm). It allows users to 

choose which satellite system(s) (NAVSTAR GPS and GLONASS) to use and to enable WAAS 

augmentation. The Garmin receiver had the ability to determine positions through the averaging 

of multiple position fixes, but this function, and WAAS augmentation, was not enabled in this 

study as they could not be monitored. Data was exported from the Garmin receiver to an Excel 

file format using Basecamp software (Garmin, Olathe, KS, USA). Regarding the iPhone 12 Pro, 

multiple antennas (12) are equipped in the unit, and each has a specific purpose, such as 

capturing ultra-wide band (UWB) and ultra-high bend (UHB) signals from 5G networks, along 

with Wi-Fi, cellular, GNSS, or Bluetooth signals. The iPhone 12 Pro can utilize dual frequency 

GNSS signals, including L1 and L5 for acquiring positional information, using two different 

antennas equipped at the top and bottom of the unit. The multiple antennas are part of one 

system, so it was difficult to measure specific size of antennas for capturing L1 and L5 signals 

precisely. The antennas used to collect L1 and L5 signals are very small (around 10×10 mm). 

According to the manufacturer’s manual, the iPhone can utilize satellite signals from a wide 

collection of satellite systems, including NAVSTAR GPS, GLONASS, GALILEO, QZSS, and 

BeiDou. However, the iPhone 12 Pro did not provide the raw GNSS measurements, thus 

information such as carrier frequency and noise level were not available. The data was collected 

using the Avenza Maps application (Avenza System Inc., Toronto, Canada). This application 

allows users to collect waypoints by tapping the screen of the smartphone. Data is exported to a 
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Keyhole Markup Language (KML) file. Both consumer-grade GNSS receivers recorded data 

using the WGS84 coordinate system.  

 

Each of the 26 control points was visited 20 times during a leaf-off season (February and March 

2021). The order of visit was randomized each time. At a visit to a control point, the order of the 

data collection effort was also randomized for the 3 GNSS receivers. A leveling monopod was 

used to place GNSS receivers on top of each control point and to maintain a constant position 

during the data collection effort. Data were collected during similar time ranges each day to have 

similar satellites distributed around sky, and the researcher always stood on the north side of 

monopod when data was being collected. Even though we made efforts to reduce any effects 

inducing by accepting signals from different satellites or constellations for every visit, it could 

not be removed. The mapping-grade and consumer-grade receivers that utilized in this study 

could not modified to receive its signals from specific satellites. Further, collecting spatial data at 

the same location simultaneously using three GNSS receivers was not possible. So, we changed 

GNSS receivers promptly to reduce related time delay.   

 

The horizontal accuracy of GNSS receivers was evaluated using the root mean square error 

(RMSE) of the determined positions, as compared to the true positions of the control points, an 

assessment commonly employed in this type of study (i.e., Lee et al. 2020, Ransom et al. 2010, 

Sigrist et al. 1999).  

𝑅𝑀𝑆𝐸 =  √
∑ ((𝑥𝑖 − 𝑥)2 + (𝑦𝑖 − 𝑦)2)𝑛

𝑖

𝑛
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Here, n is the total number of observations in a visit; i is the ith observation of the visit; xi and yi 

are the easting and northing, respectively, of the ith observations; and x and y are the assumed 

true easting and northing of the associated control point.  

 

Standard deviational ellipses were applied to quantify the directional distribution of determined 

positions in regard to a related control point (Figure 4.2). The results of this analysis provide the 

angle (directional distribution), area (distribution), and the mean center (centroid of ellipse 

representing center tendency) which is equivalent to the root squared error of the mean (RSEM) 

(Lee et al. 2020).  
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Figure 4.2 The example of standard deviational ellipses. Each standard deviational ellipse was 

determined based on the location of nearby trees and the observed points by GNSS receiver.  

 

To obtain the forest variables, every tree greater than 1.37 m tall, either dead or alive, was 

measured if it was located within 20 m from one of the two permanent control points. The 

location of each tree's stem was determined using a closed traverse survey by measuring 
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distances and azimuth between trees and temporary and permanent control points. Specifically, 

the azimuth was measured from a control point to the center of stem using a laser rangefinder 

(TruPulse 360R, Laser Technology Inc., Centennial, CO, USA). Further, half of the diameter at 

breast height (DBH) was added to the measured distance to estimate the location of stem center. 

Each control point (permanent and temporary) was assumed as a center of a plot having a radius 

of 8 m, which is equivalent a 0.02 ha (0.05 acre) plot, so we had 26 of plots with different groups 

of nearby trees. Forest condition variables were summarized only for those trees within 8 m from 

each control point. Thirty-five forest condition variables were developed for assessing the 

correlation between condition and the observed horizontal position error of the GNSS receivers 

(Table 4.1). Multivariate regression analysis using R (version 3.6.1, RStudio, Inc., Boston, MA, 

USA) was conducted to evaluate the association of forest condition variables and horizontal 

position error observed by the GNSS receivers. 
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Table 4.1 A summary of forest variables used in the correlation analysis.  

Forest variables  Description 

1. Tree count The total number of trees (living and dead) 

within 8 m or less from a control point 

2. Average distance to trees 
[Ave. Dist.] 

The average distance (m) between a control 

point and the center of trees 8 m or less from 

the control point  

3. Average DBH 
[Ave. DBH] 

The average DBH (cm) of trees 8 m or less 

from a control point 

4. Standard deviation of DBH 
[SD. DBH] 

The standard deviation of the DBH of trees 8 

m or less from a control point 

5. Coefficient of variation of DBH 
[CV. DBH] 

The coefficient of variation of the DBH of 

trees 8 m or less from a control point 

6. Average basal area of trees 
[Ave. BA] 

The average basal area (m2) of trees 8 m or 

less from a control point 

7. Standard deviation of basal area 
[SD. BA] 

The standard deviation of the basal area of 

trees 8 m or less from a control point 

8. Coefficient of variation of basal area 
[CV. BA] 

The coefficient of variation of the basal area 

of trees 8 m or less from a control point 

9. Distance to the mean center of an ellipse 

formed by nearby trees 
[Dist. MC] 

The distance (m) from a control point to the 

mean center of the ellipse formed by trees 8 m 

or less from the control point  

10. Latitude (north-south) distance to the 

mean center of an ellipse formed by nearby 

trees 
[Lat. MC] 

The difference (m) in the Y coordinate of the 

control point and the Y coordinate of the mean 

center of the ellipse formed by trees 8 m or 

less from the control point 

11. Departure distance to the mean center of 

an ellipse formed by nearby trees 
[Dep. MC] 

The difference (m) in the X coordinate of the 

control point and the X coordinate of the 

mean center of the ellipse formed by trees 8 m 

or less from the control point  

12. Distance to the mean center of an ellipse 

formed by nearby trees, weighted by DBH 
[Dist. MCDBH] 

The distance (m) from a control point to the 

mean center of the ellipse formed by trees 8 m 

or less from the control point, weighted by the 

DBH of those trees 

13. Latitude (north-south) distance to the 

mean center of an ellipse formed by nearby 

trees, weighted by DBH 
[Lat. MC DBH] 

The difference (m) in the Y coordinate of the 

control point and the Y coordinate of the mean 

center of the ellipse formed by trees 8 m or 

less from the control point, weighted by the 

DBH of those trees 

14. Departure (east-west) distance to the mean 

center of an ellipse formed by nearby trees, 

weighted by DBH 
[Dep. MC DBH] 

The difference (m) in the X coordinate of the 

control point and the X coordinate of the 

mean center of the ellipse formed by trees 8 m 
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or less from the control point, weighted by the 

DBH of those trees 

15. Distance to the mean center of an ellipse 

formed by nearby trees, weighted by basal 

area 
[Dist. MCBA] 

The distance (m) from a control point to the 

mean center of the ellipse formed by trees 8 m 

or less from the control point, weighted by the 

basal area of those trees  

16. Latitude (north-south) distance to the 

mean center of an ellipse formed by nearby 

trees, weighted by basal area 
[Lat. MC BA] 

The difference (m) in the Y coordinate of the 

control point and the Y coordinate of the mean 

center of the ellipse formed by trees 8 m or 

less from the control point, weighted by the 

basal area of those trees 

17. Departure (east-west) distance to the mean 

center of an ellipse formed by nearby trees, 

weighted by basal area 
[Dep. MC BA] 

The difference (m) in the X coordinate of the 

control point and the X coordinate of the 

mean center of the ellipse formed by trees 8 m 

or less from the control point, weighted by the 

basal area of those trees  

18. Latitude (north-south) distance to largest 

tree 
[Lat. Tree1] 

The difference (m) in latitude between the 

control point and the largest tree within 8 m 

of the control point 

19. Departure (east-west) distance to largest 

tree 
[Dep. Tree1] 

The difference (m) in departure between the 

control point and the largest tree within 8 m 

of the control point  

20. Largest tree basal area / distance to the 

largest tree  
[BA/Dist. Tree1] 

The basal area (m2) of the largest tree within 8 

m of a control point divided by the distance 

(m) to this largest tree from the control point 

21. Largest tree basal area / latitude (north-

south) distance to the largest tree 
[BA/Lat. Tree1] 

The basal area (m2) of the largest tree within 8 

m of a control point divided by the difference 

(m) in latitude between the control point and 

the largest tree  

22. Largest tree basal area / departure (east-

west) distance to the largest tree  
[BA/Dep. Tree1] 

The basal area (m2) of the largest tree within 8 

m of a control point divided by the difference 

(m) in departure between the control point 

and the largest tree 

23. Average of two largest tree basal areas / 

average distance to the two largest trees  
[BA/Dist. Tree2] 

The average basal area (m2) of the 2 largest 

trees within 8 m of a control point divided by 

the average distance (m) to the 2 largest trees 

from the control point 

24. Average of two largest tree basal areas / 

average latitude (north-south) distance to the 

two largest trees  
[BA/Lat. Tree2] 

The average basal area (m2) of the 2 largest 

trees within 8 m of a control point divided by 

the average latitude distance (m) to the 2 

largest trees from the control point 

25. Average of two largest tree basal areas / 

average departure (east-west) distance to the 

two largest trees 

The average basal area (m2) of the 2 largest 

trees within 8 m of a control point divided by 



 

 

115 

 

[BA/Dep. Tree2] the average departure distance (m) to the 2 

largest trees from the control point 

26. Average of three largest tree basal areas / 

average distance to the three largest trees 
[BA/Dist. Tree3] 

The average basal area (m2) of the 3 largest 

trees within 8 m of a control point divided by 

the average distance (m) to the 3 largest trees 

from the control point 

27. Average of three largest tree basal areas / 

average latitude (north-south) distance to the 

three largest trees  
[BA/Lat. Tree3] 

The average basal area (m2) of the 3 largest 

trees within 8 m of a control point divided by 

the average latitude distance (m) to the 3 

largest trees from the control point 

28. Average of three largest tree basal areas / 

average departure (east-west) distance to the 

three largest trees  
[BA/Dep. Tree3] 

The average basal area (m2) of the 3 largest 

trees within 8 m of a control point divided by 

the average departure distance (m) to the 3 

largest trees from the control point 

29. Average (basal area)2 

[Ave. BA2] 

The average basal area (m2) of trees 8 m or 

less from a control point, squared 

30. Average (Latitude  (basal area)2 ) 
[Ave. Lat. BA2] 

The average of the latitude (north-south) 

distance (m) from each tree within 8 m of a 

control point to the control point, times the 

basal area (m2) squared of the tree 

31. Average (departure  (basal area)2 ) 
[Ave. Dep. BA2] 

The average of the departure (east-west) 

distance (m) from each tree within 8 m of a 

control point to the control point, times the 

basal area (m2) squared of the tree  

32. Ellipse area 

[Area tree] 

The average area (m2) of the standard 

deviational ellipse formed by trees within 8 m 

of a control point 

33. Overlapping ellipse area 

[Overlap Area] 

The area of overlap (m2) between the ellipse 

formed by trees within 8 m of a control point, 

and the ellipse formed by the observed 

positions from a GNSS receiver at that same 

control point  

34. Overlapping ellipse percent from the 

perspective of the observed GNSS positions 

[Overlapped Area GNSS receiver]  

The area of overlap (m2) between the ellipse 

formed by trees within 8 m of a control point, 

and the ellipse formed by the observed 

positions from a GNSS receiver at that same 

control point, divided by the size of the ellipse 

formed by the observed positions from a 

GNSS receiver at that same control point 

35. Overlapping ellipse percent from the 

perspective of the trees within 8 m of a 

control point 

[Overlapped Area tree] 

The area of overlap (m2) between the ellipse 

formed by trees within 8 m of a control point, 

and the ellipse formed by the observed 

positions from a GNSS receiver at that same 

control point, divided by the size of the ellipse 
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formed by the trees within 8 m of that same 

control point 

 

Results  

 

Within 8 m of each control point, we found an average number of 14.5 trees and average DBH of 

17.04 cm (Table 4.2). Within these plots, the average distance of trees from each control point 

ranged from 4.60 to 6.03 m, with an overall average of 5.31 m. Although somewhat variable, 

more trees seemed to be located slightly to the West and South directions from each control 

point, as evidenced by the negative average departure (east-west difference) and negative 

average latitude (north-south difference) in Table 4.2. The average horizontal positional error 

(RMSE) observed by the GNSS receivers, for each control point, ranged from 2.28 to 9.77 m 

(Table 4.3). The minimum and maximum average RMSE values for the consumer-grade GNSS 

receiver were 5.75 m and 9.77 m. When the smartphone was used, the minimum and maximum 

average RMSE were 3.04 m and 5.64 m. With the mapping-grade GNSS receiver, the minimum 

and maximum average RMSE were 2.28 m and 6.19 m. In general, the smallest average 

positional error was obtained using the mapping-grade GNSS receiver, however the performance 

of the smartphone was very similar in this respect. The largest average positional error was 

obtained using the consumer-grade GNSS receiver (Garmin Oregon 700). The average RMSE 

from every control point determined by the consumer-grade GNSS receiver, smartphone, and 

mapping-grade GNSS receiver was 8.11 m (± 4.61 m), 3.91 m (± 2.36 m), and 3.45 m (± 2.18 

m), respectively (Figure 4.3). From this information, we observed a significance difference in the 

average RMSE by GNSS receiver type.  
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Table 4.2 A summary of tree characteristics within 8 m of each control point.  

Control 

point 

Number of 

trees 

Average of 

distance (m) 

Average 

DBH 

(cm) 

Average of 

departure (m) 

Average of 

latitude (m) 

Every 

control 

point 

14.5 5.31 17.04 -0.05 -0.10 

1 15 5.17 18.34 -0.26 -0.43 

2 10 5.23 19.05 0.50 1.41 

3 14 6.03 18.16 -1.05 -0.21 

4 11 4.73 11.40 0.34 1.41 

5 11 5.90 19.30 -0.20 -1.37 

6 11 4.75 20.19 0.94 -0.10 

7 10 5.23 18.82 1.02 -0.51 

8 12 5.32 16.33 0.01 1.10 

9 19 5.56 15.34 0.03 2.06 

10 14 5.43 19.28 0.09 -0.09 

11 12 5.63 19.00 -0.10 0.23 

12 15 5.05 16.03 0.64 0.25 

13 15 5.71 20.14 0.32 -0.00 

14 14 4.84 17.04 0.00 -0.42 

15 17 4.82 12.42 0.42 -0.99 

16 18 5.98 18.54 0.53 0.13 

17 18 5.10 15.04 -1.02 0.98 

18 16 5.31 12.29 -0.63 0.99 

19 17 4.99 14.27 0.33 -0.09 

20 17 5.79 20.04 0.55 -0.37 

21 18 5.37 19.99 -0.63 0.16 

22 18 5.39 13.69 -1.11 -1.88 

23 15 5.06 13.94 0.06 -1.58 

24 17 5.65 19.51 -0.31 -0.60 

25 12 4.60 19.35 -1.78 -0.96 

26 11 5.39 15.65 -0.08 -1.83 

 

 

 

 

 

 



 

 

118 

 

Table 4.3 The positional error (root mean square error, RMSE) and the area of standard 

deviational ellipses observed by different GNSS receivers at each control point.  

 

Control  

point 

RMSE (m)  Area of standard deviational ellipses 

(m2) 

Garmin 

Oregon 

700 

iPhone 12 

Pro 

Trimble 

Juno T41 

 Garmin 

Oregon 

700 

iPhone 12 

Pro 

Trimble 

Juno T41 

1 7.99 3.56 3.20  173.75 34.44 27.77 

2 7.55 3.52 3.47  113.17 30.58 33.00 

3 8.40 4.32 2.55  158.84 49.23 23.30 

4 8.93 3.79 4.08  164.55 48.46 43.62 

5 8.76 3.21 4.22  159.56 23.83 54.06 

6 8.57 3.82 3.04  148.69 47.90 27.15 

7 9.17 4.41 3.65  134.44 34.96 31.69 

8 5.91 3.42 3.75  132.12 30.66 44.66 

9 5.75 3.04 3.17  107.74 32.75 36.44 

10 9.21 4.14 4.46  107.31 49.19 46.20 

11 6.89 3.74 3.60  107.78 33.09 42.34 

12 9.23 4.24 3.32  190.69 53.32 39.46 

13 7.53 3.20 3.32  131.01 22.57 34.68 

14 7.68 3.52 6.19  257.47 42.20 50.17 

15 7.29 3.26 3.23  169.93 36.35 33.59 

16 7.72 3.95 2.79  125.35 41.56 26.32 

17 7.86 4.17 3.97  192.17 33.52 64.14 

18 8.76 3.46 2.98  189.15 36.54 37.55 

19 8.70 4.32 3.00  174.13 49.93 34.58 

20 8.54 4.03 2.96  142.38 51.55 28.66 

21 6.95 3.56 2.72  140.27 32.51 27.45 

22 8.67 4.86 3.21  226.93 58.52 42.30 

23 8.37 3.78 3.34  171.95 35.35 48.04 

24 8.33 4.08 3.23  158.38 42.78 47.04 

25 9.77 4.76 2.28  221.55 52.88 19.85 

26 8.27 5.64 4.01  421.08 63.29 45.77 
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Figure 4.3 Boxplot for horizontal positional accuracy (RMSE, root mean square error) by GNSS 

receiver types. Different letter indicates statistically significant differences (p-value < 0.001).  

 

Parameters related to the distribution of observed points also indicated some significant 

differences between GNSS receivers (Figure 4.4). For example, the RSEM indicating the 

distance between mean center of observed GNSS-determined positions and related control points 

and the area of standard deviational ellipse for GNSS-determined positions suggested no 

significance differences were observed between the smartphone and the mapping-grade GNSS 

receiver. However, the RSEM and standard deviational ellipse area for observed GNSS-

determined positions using the consumer-grade GNSS receiver were significantly different than 

both of the other devices. The larger area of standard deviational ellipse from the observed 

GNSS-determined positions of the consumer-grade GNSS receiver suggested that the observed 
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points were more likely distributed wider around the control point. This also suggested that the 

consumer-grade GNSS receiver had larger variance in positional error.  

 

 

Figure 4.4 Boxplot for directional distribution observed by GNSS receivers (A: RSEM (root 

squared error of the mean, calculated based on the mean center); B: Area of ellipse (m2); C: 

Rotation (º); D: Departure (m); E: Latitude (m)). The different letters indicate significant 

differences (p < 0.05). 

 

We observed no statistically significant difference in the rotation representing the directional 

distribution of the observed GNSS positions, regardless of the GNSS receiver types due to its 

wide variance (Table 4.4, Figure 4.4). This meant that the directional distribution might be the 

most susceptible parameter that could be influenced by environmental factors regardless of 
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GNSS receivers. The average departure was negative for observed GNSS positions collected by 

the consumer-grade and mapping-grade GNSS receivers (Table 4.4), indicating observed 

positions were often slightly (about 1 m) to the West of the control points. When the smartphone 

was used, the average departure was positive meaning that the mean center for the distribution of 

observed GNSS positions was located East (about 1.5 m) of each control point. Otherwise, the 

average latitude was negative regardless of GNSS receiver, indicating that the mean center for 

the distribution of observed GNSS positions was South of each control point, nearly 5 m South 

on average in the case of the consumer-grade GNSS receiver.  

 

Standard deviational ellipses were modeled for observed GNSS-determined positions at each 

control point, and even though the average size (area) of these was not statistically significant 

between the smartphone and the mapping-grade GNSS receiver, statistically significant 

differences in the size of these ellipses were observed between the consumer-grade GNSS 

receiver and the other two receivers. Not surprisingly, the maximum area of an ellipse at any one 

control point (about 421 m2) was observed using data collected by the consumer-grade GNSS 

receiver (Table 4.3). The minimum ellipse area (about 20 m2), indicating high precision amongst 

observed GNSS-determined positions, was observed by the mapping-grade GNSS receiver.  
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Table 4.4 The summary of elliptical metrics from measurements obtained by different GNSS 

receivers. 

Metric 
Garmin Oregon 

700 
iPhone 12 Pro Trimble Juno T41 

RSEM (m)    

 Average 5.51 2.52 1.75 

 St. deviation 1.42 0.79 1.06 

 Minimum 1.78 0.64 0.40 

 Maximum 7.70 4.55 5.35 

Area (m2)    

 Average 170.01 41.08 38.07 

 St. deviation 63.73 10.57 10.44 

 Minimum 107.31 22.57 19.85 

 Maximum 421.08 63.29 64.14 

Rotation (◦)    

 Average 105.59 87.99 97.54 

 St. deviation 29.08 50.97 57.93 

 Minimum 44.10 9.23 2.10 

 Maximum 144.79 170.67 167.23 

Departure (m)    

 Average -0.86 1.49 -1.29 

 St. deviation 2.36 1.15 1.28 

 Minimum -5.05 -1.69 -5.27 

 Maximum 3.42 3.58 1.46 

Latitude (m)    

 Average -4.84 -1.47 -0.44 

 St. deviation 1.68 1.16 0.86 

 Minimum -7.06 -3.15 -2.10 

 Maximum 1.77 1.90 2.05 

RSEM = root squared error of the mean; Area = the area of standard deviational ellipse; Rotation 

= the directional distribution of observed points; Departure = the difference between observed X 

coordinates and control X coordinate; Latitude = the difference between observed Y coordinates 

and control Y coordinate. 

 

 

 



 

 

123 

 

The correlations between positional error (RMSE) and forest variables indicated that in general 

there was weak to moderate correlation between these regardless of GNSS receiver employed 

(Table 4.5). However, two forest variables indicated a significant correlation with positional 

error with all three GNSS receivers. First, the difference between the X coordinate of a control 

point and the X coordinate of the mean center of the ellipse formed by trees 8 m or less from the 

control point, weighted by the DBH of those trees, was statistically significantly and positively 

correlated with error in positions determined by the smartphone and the consumer-grade GNSS 

receiver, and statistically significantly and negatively correlated with error in positions 

determined by the mapping-grade GNSS receiver. Second, the area of overlap between the 

ellipse formed by trees within 8 m of a control point, and the ellipse formed by the observed 

positions from a GNSS receiver at that same control point, divided by the size of the ellipse 

formed by the observed positions from a GNSS receiver at that same control point, was 

statistically significantly and negatively correlated with error in positions determined by all three 

devices. In this latter case, as the overlapping area of the ellipse formed by trees within 8 m of a 

control point and the ellipse formed by GNSS-determined positions increased, positional error 

decreased. The location of nearby trees with respect to positions being determined, either shifted 

away (low overlap of ellipses) or directly in the vicinity (high overlap in ellipses), does seem to 

affect positional error. Further, in this latter case, the strongest correlation was observed amongst 

the positions determined by the three devices. 
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Table 4.5 A summary of Pearson correlation coefficients for RMSE and forest variables (†p-

value < 0.05; ‡ p-value < 0.01; ⁂p-value <0.001). 

 

Forest variable 

Garmin Oregon 

700 
iPhone 12 Pro 

Trimble Juno 

T41 

Tree count -0.26 -0.13 -0.28 

Ave. Dist. -0.40 -0.08 -0.17 

Ave. DBH 0.00 -0.04 -0.11 

SD. DBH -0.10 0.11 -0.12 

CV. DBH -0.13 0.13 -0.02 

Ave. BA -0.13 -0.14 -0.22 

SD. BA -0.01 0.07 -0.18 

CV. BA 0.20 0.47 † 0.05 

Dist. MC 0.05 0.27 -0.17 

Lat. MC 0.45 † 0.50 ‡ 0.01 

Dep. MC 0.08 0.26 -0.20 

Dist. MCDBH -0.24 0.17 0.16 

Lat. MC DBH 0.41 † 0.27 0.09 

Dep. MC DBH 0.58 ‡ 0.45 † -0.46 † 

Dist. MCBA -0.14 -0.06 0.15 

Lat. MC BA 0.39 † 0.14 0.07 

Dep. MC BA 0.61 ⁂ 0.34 -0.37 

Lat. Tree1 -0.42 † -0.21 -0.03 

Dep. Tree1 -0.24 -0.13 0.05 

BA/Dist. Tree1 -0.12 -0.28 -0.10 

BA/Lat. Tree1 -0.04 0.56 0.03 

BA/Dep. Tree1 -0.14 0.07 0.58 ‡ 

BA/Dist. Tree2 -0.23 0.03 -0.14 

BA/Lat. Tree2 0.21 0.13 0.24 

BA/Dep. Tree2 -0.17 -0.29 0.22 

BA/Dist. Tree3 -0.28 -0.10 0.18 

BA/Lat. Tree3 0.06 -0.18 0.20 

BA/Dep. Tree3 0.01 0.04 0.46 † 

Ave. BA2 0.01 0.03 -0.21 

Ave. Lat. BA2 -0.22 -0.18 -0.09 

Ave. Dep. BA2 -0.38 -0.19 0.16 

Area tree -0.13 0.04 -0.03 

Overlapped Area -0.70 ⁂ 0.20 0.10 

Overlapped Area GNSS receiver -0.88 ⁂ -0.68 ⁂ -0.85 ⁂ 

Overlapped Area tree -0.59 ‡ 0.12 0.07 

BA = Basal area 
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DBH = Diameter at breast height 

Dep = Departure, or east-west difference from true control point position 

Dist = Distance from true control point position 

MC = The mean center of objects 

Lat = Latitude, or north-south difference from true control point position 

 

However, different trends in statistically significant correlations were observed between the three 

devices. For instance, nine of the forest variables were found to be significantly correlated with 

the positional error inherent in the data collected by the consumer-grade GNSS receiver, and four 

forest variables were found to be significantly correlated with the positional error inherent in the 

data collected by the smartphone and the mapping-grade GNSS receiver. These results indicated 

that the horizontal position error of the consumer-grade GNSS receiver was more likely affected 

by the forest variables we measured than the smartphone and the mapping-grade GNSS receiver.  

 

Discussion  

 

Based on the results of our study, the positional data collected by the smartphone had a similar 

level of horizontal positional accuracy and variance in forested conditions as compared to a 

mapping-grade GNSS receiver, even though it technically is classified as a consumer-grade 

GNSS receiver. The horizontal positional accuracy of the smartphone in this study fell into the 

range of accuracy obtained from previous studies involving smartphones, but again our study 

indicated that sub-meter positional accuracy was not attainable by any of the devices employed 

in forested conditions. Zhang et al. (2018) pointed out that sub-meter positional accuracy was 
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rarely achievable without the use of post-processing and an external antenna to reduce the effects 

of multipath. But, according to previous studies, even with the aid of post-processing or external 

antennas, the positional accuracy of a smartphone may be significantly lower than that obtained 

by higher grade devices under similar conditions (Murgaš et al. 2018, Tomaštík et al. 2021, 

Tomaštík and Varga 2021, Zang et al. 2018). Yet compared to a more common consumer-grade 

GNSS receiver, the smartphone had significantly higher positional accuracy with a lower level of 

variance. And, the horizontal position accuracy of the smartphone was similar to the mapping-

grade receiver we employed, which was relevant to the results of previous studies.  

 

The duty cycling and limitations of GNSS chipsets equipped within smartphones are considered 

major reasons why smartphones cannot attain the positional accuracy of higher grade GNSS 

receiver (Gogoi et al. 2019, Paziewski 2020, Zangenehnejad and Gao 2021). Duty cycling, the 

initiation, use, and termination of work on a particular circuit, was implemented in devices such 

as smartphones to reduce battery usage, but it hinders continuity of signal accepting (Paziewski 

2020). Gogoi et al. (2019) confirmed that duty cycling increased the noise observed in GNSS 

signals, which deteriorates positional accuracy. Fortunately, duty cycling might be disabled in 

certain recent Android smartphones, and this advancement is expected to lead to enhanced 

positional accuracy of smartphones in the future by allowing better continuity of phase 

measurements (Paziewski 2020).  

 

The GNSS chipsets within smartphones and other devices have been developed to address the 

general need for greater positional accuracy at an affordable cost to the end-user. According to 

the manufacturer’s manual, it was confirmed that the smartphone we tested (iPhone 12 Pro) 
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could utilize multiple GNSS constellations and frequencies, as could the mapping-grade GNSS 

receiver we tested (Trimble Juno T41). The ability to obtain signals from multiple GNSS 

constellations may improve positional accuracy by reducing signal search time (Paziewski 2020). 

However, determining a position through a multi-constellation system may not always guarantee 

higher positional accuracy because it could induce noise and signals may be deteriorated by a 

large number of extreme errors (Tomaštík and Varga 2021, Wang et al. 2012). There are two 

main manufacturers for smartphone GNSS chipsets, the first dual-frequency chipset was released 

by Broadcom in 2018, and later that same year Qualcomm also released a dual-frequency chipset 

(Zangenehnejad and Gao 2021). The dual-frequency chipset may enhance positional accuracy by 

allowing the system to compensate for perceived ionospheric effects (Tomaštík and Varga 2021, 

Tomaštík et al. 2021, Zangenehnejad and Gao 2021). However, specific information about 

GNSS chipset equipped within the iPhone 12 Pro was not available to the public so we could not 

confirm whether the iPhone 12 Pro benefitted from these advances. The iPhone 12 Pro was 

equipped with multiple antennas and two of them were designed for accepting satellite signals. 

These GNSS chipsets were installed at the top and bottom of the smartphone and designed to 

detect a specific frequency such as L1 and L5. In the past, the GNSS chipset designed for 

smartphones may have been considered as a limitation (Fortunato et al. 2019), yet two GNSS 

chipsets designed to detect specific frequencies might be helpful in attaining better positional 

accuracy.  

 

As it has been suggested that the GNSS chipset in smartphones may be susceptible to multipath 

error (Paziewski 2020, Tomaštík and Varga 2021); therefore, investigating the correlation 

between horizontal positional accuracy and forest variables (proxies for the juxtaposition of trees 
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with respect to survey points) was necessary to fill a knowledge gap. According to previous 

studies, horizontal position accuracy can change in response to the forest type within which the 

technology is being used (Lee et al. 2020, Tomaštík and Varga 2021). In this study, we observed 

a few significant correlations between forest variables and horizontal position error regardless of 

GNSS receiver. However, the assumption that the size of nearby tree stems would influence 

horizontal positional accuracy of GNSS receivers was not confirmed. With regard to the 

departure (east-west position) of the mean center weighted by DBH (Dep. MC DBH), which had a 

significant correlation regardless of GNSS receivers, different trends of correlations were 

observed depending on the grade of GNSS receivers, again rendering the hypothesis that the size 

of nearby trees has a consistent, significant effect of positional accuracy of GNSS determined 

positions moot. Data from the consumer-grade GNSS receiver indicated positive moderate 

correlation, meaning that the farther the center of a tree was from a control point, the higher 

positional error was observed. Otherwise, the mapping-grade GNSS receiver had negative 

moderate correlation, indicating the near vicinity of mean center of tree stems induced the 

greater positional error. However, regardless of GNSS receiver employed, the percentage of 

overlap area between the ellipses formed by nearby trees and the ellipses formed by GNSS-

determined positions (Overlapped Area GNSS receiver) was found to be important, thereby may 

indicate that there is indeed an effect on the positional accuracy of GNSS-determined positions 

and the location of nearby trees.  

 

Even though we developed a number of forest variables based on tree characteristics and their 

distribution around each control point, we found it complicated to define or generalize trends in 

correlations between positional accuracy and forest variables. We confirmed that multipath, 
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likely induced by nearby vegetation, deteriorated the horizontal positional accuracy in the 

forested study area but how it affected positional accuracy could not be generalized (Bettinger 

and Merry 2012, Tomaštík and Varga 2021). With this work we also could confirm that the 

traditional consumer-grade GNSS receiver (Garmin Oregon 700) was more likely affected by the 

multipath issue, through correlation analysis of the forest variables we developed, compared to 

the mapping-grade GNSS receiver and the smartphone, simply based on the number of forest 

variables having significant correlation with positional error. Interestingly, the smartphone had 

the same number of forest variables with significant correlations with positional accuracy as the 

mapping-grade GNSS receiver. This suggests that smartphone GNSS technology may be 

approaching the technological sophistication (hence accuracy levels) obtainable with much more 

expensive field data collection equipment.  

 

This study focused on the effect of horizontal structure of nearby vegetation. As satellite signals 

emitted from outer space travel through Earth's atmosphere, the quality of signals may be more 

affected by the vertical structure of nearby vegetation (the last 30-60 m of travel before being 

used) which may be related to the shape of tree crowns and tree architecture. As removing 

multipath error may be almost impossible in a real environment, a further study to scrutinize the 

impact of nearby vegetation seems necessary. Our study suggests that the raw GNSS 

measurements, such as SNR, should be examined, and that new forest variables should be 

developed in an attempt to help explain the impact of nearby vegetation on horizontal position 

accuracy of GNSS devices. 

 

Conclusion  
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The feasibility of a smartphone (iPhone 12 Pro) for mapping positions within a forested 

environment was investigated by comparing the horizontal position error with similar data from 

a consumer-grade GNSS receiver and a mapping-grade GNSS receiver. It was noteworthy that 

the smartphone illustrated significantly lower horizontal position error than a consumer-grade 

GNSS receiver, but significantly higher positional error than a mapping-grade GNSS receiver. 

However, the range of horizontal positional error for the smartphone was closer to the range of 

positional error observed by a mapping-grade GNSS receiver. Recent advances in GNSS chipset 

technology, especially for smartphones, might further enhance their positioning performance, but 

as with all new technology, these issues need to be constantly assessed. In this study we also 

investigated the potential correlation between forest variables that might induce multipath error 

and the observed horizontal position error. We found significant correlations between forest 

variables and horizontal position error regardless of the GNSS receiver employed, yet more 

correlations were observed with respect to the horizontal position error of the consumer-grade 

GNSS receiver. This suggests that the horizontal position error of the consumer-grade GNSS 

receiver was more likely affected by forest variables than was the horizontal position error of the 

smartphone and the mapping-grade GNSS receiver. In addition, it was confirmed that the 

location, but not the size, of nearby trees may be the primary factor in deteriorating the 

horizontal positional accuracy. Given these results, generalizing the multipath effect of nearby 

vegetation on horizontal position accuracy might be more complicated than we assumed.  
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CHAPTER 5 

 

Conclusion  

 

 GNSS technologies are essential components in forestry and forest management. 

Positioning and mapping functions of GNSS technologies are integral to various types of forest 

management activities, and over time positional accuracy has improved. It is expected that the 

importance of GNSS technologies not only in forestry but also in society will continue to 

increase in the future. Therefore, this dissertation presented three studies conducted along one 

main line: the analysis of GNSS point locations in forested areas.  

  

Chapter 2 evaluated the applicability of a GPS watch by comparing its positional 

accuracy to a mapping-grade GNSS receiver in various forest conditions, seasons, and 

meteorological conditions. Although many studies have evaluated the positional accuracy of 

GNSS receivers in forested conditions, this study was the first to apply the standard deviational 

ellipse method to assess accuracy, which is not a common measurement in the forestry field. The 

standard deviational ellipse method quantifies the spatial distribution of points (locations) 

observed by GNSS receivers. The results when using the standard deviational ellipse method 

confirmed that the points (locations) observed by GNSS receivers tended to be biased to a certain 

direction (Western side) from the true locations. This study also confirmed that the positional 

accuracy of GPS watches (a non-traditional consumer-grade receiver) was significantly affected 

by the season of the year not by forest cover type. In addition, the positional accuracy of the GPS 

watch represented a similar level of positional accuracy to the mapping-grade receiver during the 
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leaf-off season. These findings suggested that the density of canopy coverage might have more 

influence on positional accuracy rather than differences in forest type. Lastly, it was confirmed 

that the positional accuracy of GNSS receivers applied in this study was significantly affected by 

the local air temperature and absolute humidity. However, there was a possibility that the 

environmental conditions at the nearby airport could be different from the conditions in the 

forested area, which is a limitation of this study. This study still contributed to science by 

evaluating the applicability of a non-traditional GNSS receiver in forested areas and by 

illustrating the applicability of standard deviational ellipse method to analyze the distribution of 

points (location) observed by GNSS receivers. 

 

Chapter 3 concerned the ability of GNSS point locations to adequately represent the true 

positions and spatial patterns of trees in a forest, as these positions are increasingly being used in 

research and popular culture to represent phenomena and relationships of interest to society. This 

study was conducted within a pine seed orchard where the trees were established in a regular 

pattern. The positional accuracy of various GNSS receivers was evaluated in these conditions, 

and various point pattern analysis methods were applied on the observed points (trees) patterns 

and true tree locations. This study confirmed that the measurement methods significantly affect 

the positional accuracy regardless of GNSS receiver type. These results suggested that a greater 

number of observations around a control (true location) does not guarantee higher positional 

accuracy regardless of GNSS receiver type. The standard deviational ellipse method revealed 

that the observed points (locations) were biased to the South and West side of the true locations. 

Further, the point patterns described by the locations of trees captured by GNSS receivers failed 

to represent the real pattern of those trees. This study contributed to science by suggesting the 
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usage of non-augmented GNSS technology, which is typical in the forestry practice today for 

collecting field data, even when representing acceptable ranges of positional error, might 

misrepresent the actual spatial pattern of trees in forested area. In addition, this study suggested 

technological enhancements might be necessary to maintain the fidelity of spatial data in forested 

conditions.  

 

Chapter 4 involved understanding whether there are structural conditions of a forest that 

can be correlated with horizontal position error observed with GNSS point locations. Within a 

study area, various forest variables were developed based on the vicinity and size of nearby 

vegetation to true ground locations. These forest variables were used to examine the correlations 

with positional error observed from point locations captured by GNSS receivers. This study 

confirmed that a smartphone, which is considered the most prevalent GNSS receiver today, had a 

similar level of positional error to a mapping-grade receiver. In comparison to a consumer-grade 

receiver (traditional handheld type), the smartphone provided significantly lower positional error 

across the study site. Regardless of GNSS receiver type, the observed points described using 

GNSS receivers were predominantly biased to the South. Two forest variables seemed to be 

important in explaining the positional error of GNSS point locations. One related to the mean 

spatial center of nearby trees, and the other related to the amount of overlap in the standard 

deviational ellipses of the GNSS point locations and the nearby trees. This study contributed to 

science by further suggesting that the spatial distribution of nearby trees may be correlated with 

GNSS point accuracy. Also, this study confirmed that the location of nearby trees might have 

more influence on the positional error of GNSS receivers rather than the size of nearby trees.  
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In this dissertation, a consumer-grade GNSS receiver was tested for the various 

applications in forested areas. This dissertation provides evidence that consumer-grade GNSS 

receivers (which include smartphones) might someday obviate the need for replacing mapping-

grade GNSS receivers in certain landscape conditions to achieve a similar level of positional 

accuracy. Further, the work conducted here casts doubt on the ability to apply spatial analysis to 

GNSS measurements that were collected without the use of space-based or ground-based 

augmentation systems, as the spatial pattern of trees collected under normal field practices may 

not represent correctly the true spatial pattern of trees in nature. This dissertation provided 

evidence of the effect of nearby vegetation contributing to multipath, and the outcomes might be 

more complicated than expected. GNSS technologies continue to improve, and perhaps one day 

GNSS receivers will be able to provide positional information in forests, without additional 

augmentation, similar to traditional surveying methods. While it is enjoyable to incorporate new 

technology into forestry field practices, proper evaluation of the technology seems necessary. 
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