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Abstract: Drones are being used for agriculture monitoring in many different crops. Nevertheless,
the use of drones for green areas’ evaluation is limited, and information is scattered. In this survey,
we focus on the collection and evaluation of existing experiences of using drones for turfgrass
monitoring. Despite a large number of initial search results, after filtering the information, very few
papers have been found that report the use of drones in green areas. Several aspects of drone use, the
monitored areas, and the additional ground-based devices for information monitoring are compared
and evaluated. The data obtained are first analysed in a general way and then divided into three
groups of papers according to their application: irrigation, fertilisation, and others. The main results
of this paper indicate that despite the diversity of drones on the market, most of the researchers are
using the same drone. Two options for using cameras in order to obtain infrared information were
identified. Moreover, differences in the way that drones are used for monitoring turfgrass depending
on the aspect of the area being monitored have been identified. Finally, we have indicated the current
gaps in order to provide a comprehensive view of the existing situation and elucidate future trends
of drone use in turfgrass management.

Keywords: UAVs; lawns; proximal sensing; remote sensing; multispectral cameras; green areas

1. Introduction

In the last several decades, the use of drones for multiple and diverse tasks has
increased exponentially. Among these tasks, one of the most common has been monitoring
different surfaces as a more flexible alternative to remote sensing based on satellite imagery,
which is characterised by a greater resolution [1]. This monitoring is especially important
in fields such as agriculture, where the application of new technologies, such as drones and
sensors, has created the apparition of precision agriculture, allowing fast and automatic
monitoring of the fields [2]. Even though the use of drones in agriculture is widespread,
there is a particular type of agriculture, turfgrass production, in which drones are less often
used. Turfgrass production consists of the maintenance of green areas, or lawns, in the
urban or periurban space and has multiple benefits for the physical and mental health
of citizens [3]. These green areas might be split into two big groups: gardening lawns
and sports lawns. Multiple studies have indicated the importance of these lawns for the
population and how green areas help to reduce atmospheric pollution. Nevertheless, the
maintenance of lawns, particularly in arid or semiarid regions, involves several inputs
which directly affect their environmental impact [4].

The application of technology in lawns is vital given the high requirements that
characterise their maintenance and their need in cities [5]. Drones have been used in lawns
mainly to monitor their response to different alternative treatments aimed at improving
their quality and to evaluate and detect unseen needs. Nevertheless, drones have not been
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the sole information source to capture images. Their application coexists with satellite-
based remote sensing and ground-based proximal sensing [6].

Considering the broad possible application cases and the variability of target journals,
the knowledge generated on this topic is scattered, and it might be challenging to have a
general view of the real application of drones in lawn monitoring. Moreover, the unclear
identification of sources from images, which also come from ground-based vehicles, and
the lack of clear identification of the monitored crop in some cases make it extra difficult for
lectors to be informed about the current status of these technologies. Even though multiple
surveys have appeared in recent years, none have focused on using drones for turfgrass
monitoring. Some surveys focused on the use of drones for agriculture [7-9], while others
detailed the use of spectral sensing and precision management of turfgrass [10,11]. Thus, a
survey focused on the application of drones and unmanned autonomous vehicles (UAVs) in
turfgrass monitoring is needed to gain a solid knowledge of the current situation, identify
the gaps and current challenges, and point out the expected future trends.

The aim of this paper is to collect and evaluate the current experiences and uses of
drones for monitoring turfgrass in lawns. The information was collected and analysed
in January and February of 2024, including papers published in journals and conference
proceedings, among others. From each document, information about monitored turfgrass
using drones and additional information sources has been analysed. Regarding drones,
data about used drones or UAVs (model and brand), flying height (the distance from the
drone to the ground or turfgrass), periodicity among flights (temporal difference between
conducted monitorisation), and used cameras (including the number of bands and to what
wavelengths they are sensible) are some of the most important summarised information.
Among the turfgrass information, we have analysed data about grass species (if the lawn
is composed of a sole species or mixed species and which species are involved), lawn
location (geographical location), and types of lawns (according to their use, we differentiate
gardening and sports lawns). Concerning the additional information sources, we have
outlined the most relevant equipment used in combination with the drones, such as sensors
or ground-based cameras. In this survey, the information is initially analysed in a general
way. Then, similar papers are joined in order to evaluate in detail the state of the art
of each type of application case. Among application cases, we highlight the two most
important ones: the control over irrigation or hydric stress (which are related to the
efficiency of water use in the lawns) and the use of fertilisers and biostimulants (mainly
linked to assessing the optimal dose). Finally, the use of drones for other purposes, such
as weed detection (identification of undesired plant species in the lawn), stress evaluation
(assessing the grass status altered by ambiental or biological factors beyond irrigation),
phenotyping (recognising the different organisms based on their characteristics or aspect),
or establishment (evaluating the exit in the initial steps after grass germination before
forming the lawn), is analysed.

The rest of the paper is structured as follows; Section 2 describes the methodology
followed to collect the papers. The general findings, which also include the filters for
whether or not to include them in the survey, are summarised in Section 3. Then, Section 4
focuses on drones used for monitoring irrigation, while Section 5 focuses on monitoring the
use of fertilisers and biostimulants. The application of drones for monitoring other aspects
of lawns is evaluated in Section 6. Meanwhile, Section 7 establishes the current challenges
and future trends in the use of drones for lawn monitoring. Finally, the main conclusions
of this survey are presented in Section 8.

2. Materials and Methods

In this section, the methodology followed to find, collect, evaluate, and analyse the
current contributions included in this paper is presented. In this study, we conducted
a systematic literature search utilising three widely utilised databases: Web of Science
(WOS), SCOPUS, and Google Scholar. To conduct the evaluation presented in the paper,
the following research questions are considered:
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Which are the most commonly used drones for lawn monitoring?

Which are the most commonly used cameras for lawn monitoring?

What are the current uses of drones for lawn monitoring?

Are drones more used in some sorts of lawns?

Are drones used differently to monitor different aspects of turfgrass?

What information sources are combined with drone monitoring to ensure correct
lawn monitoring?

AR N

The search was centred around specific keywords related to the use of UAVs or drones
in turfgrass management, incorporating terms such as “irrigation”, “fertiliser”, “weeds”,
“biostimulant”, and “stress”. In order to collect the scattered information to answer these
questions, the authors used multiple search engines to search the papers included in this
survey. The initial search was conducted with WOS and Scopus.

The search strategy involved applying specific filters for each database. For WOS and
SCOPUES, the filters included “Title or Topic”, “Title or Abstract”, and “Title, Keywords,
Abstract”, while for Google Scholar, it encompassed “Articles”. Among the identified
keywords, the highest number of records (n = 18) were retrieved for “turfgrass UAV” in
SCOPUS, employing the filter “Title, Keywords, Abstract”. Subsequently, WOS yielded
n = 12 records for the same keyword using the filter “Title or Abstract”. Nonetheless, no
records were located either in WOS or in SCOPUS when “fertiliser” or “weeds” were used
as the third term.

In contrast, Google Scholar produced varying numbers of documents for each key-
word, with the highest count of n = 1300 for “turfgrass UAV” and the lowest count of
n = 265 for “turfgrass drone biostimulant”. Figure 1 displays a summary of the literature
search results, including the corresponding document counts. This comprehensive search
strategy allowed for the identification and comparison of relevant literature across multiple
databases, providing insights into the extent of existing research on the specified keywords
in the context of turfgrass and UAV applications.
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Figure 1. Total number of documents found in the initial conducted search.

3. Management of Found Results and General Findings

In this section, the details related to how collected papers were processed are given.
Moreover, the general findings are provided.

3.1. Filtering the Collected Documents

From the information collected in the Google Scholar search, documents found us-
ing the drone or UAV keywords of each topic (irrigation, fertiliser, weeds, biostimu-
lant, and stress) were joined, removing the duplicated cases. The number of papers
collected for each topic in the conducted searches is as follows: irrigation, 89 documents;
fertiliser, 90 documents; weeds, 67 documents; biostimulant, 86 documents; and stress,
88 documents. Thus, a total of 420 different documents were obtained. Considering that
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Found documents

Unique Documents [CIPAST
(Found documents) documents

* 420

multiple documents appeared in the different searched topics, a total of 268 papers were
obtained from these searches, which indicates an overlap of 36.20% in the found papers.
This high overlapping in documents with different keywords (irrigation, fertiliser, weeds,
biostimulant, and stress) indicates that the content on this topic is quite limited, which is
aligned with information obtained in WOS and Scopus. These 268 papers, referred to in
this article as found documents, were then downloaded and evaluated to check whether
the authors have included drones and used them in lawns.

First, the documents corresponding to the thesis, surveys, and review were removed
to avoid the duplication of results with the published papers and conferences. There were
a total of 26 theses, 5 of which were totally related to the included topics [8-12], drones
and turfgrass, all of them from the USA. Then, 3 theses were linked with drones applied
in other crops, and 12 theses were focused on turfgrass, which does not clearly indicate if
drones were used. Finally, in the search, there were two theses that were not related to the
topics. It must be noted that among the 55 found surveys and reviews, none of them were
focused on drones for turfgrass, only 1 was focused on drones (for general agriculture) [13],
and 3 of them were focused on precision turfgrass management [14-16]. There were four
surveys focused on the use of new technologies for agriculture [17-20] and three about
plant nutrition [21-23].

After removing the theses, surveys, and reviews, the next step was to determine which
documents should be included in the survey. After carefully checking the documents, only
40 corresponded to documents in which the authors used drones to monitor lawns. These
documents included conference papers, academic papers, posters, book chapters, and news
in specialised magazines. It is important to highlight that 3 papers which seemed to include
drones in turfgrass could not be included since it was not possible to access them [24-26].
Thus, the total number of included documents in the survey is 37. A flowchart that
illustrates the paper selection and exclusion process can be seen in Figure 2.

documents

— Thesis —— 26 documents

—Surveys and reviews—— 55 documents

Non related with
the searched
topic (drons are

used on other —— 146 documents
Original crops or turfgrass
publications is not monitored
by drones)

Downoaded papers

(Included papers)
Related to the topic

Unnacesible papers — 3 documents

37 documents

Figure 2. Flowchart of the conducted search.

On the one hand, it must be noted that even though some papers dealt with the use of
drones for turfgrass monitoring, the images they gathered were obtained with static [27] or
handheld devices [28-31] or by on-ground-vehicles [32-34] rather than from cameras on
drones. Meanwhile, in other cases, satellite imagery was used [35]. This was a considerable
obstacle in the selection of papers. In some cases, even though the authors mentioned the
use of remote-sensing imagery, no indication about the used drones or UAVs was provided,
and thus, it cannot be ensured that aerial vehicles were used [36,37]. Moreover, some
articles focused on developing or adapting new cameras for turfgrass monitoring, but no
drones were used [38].
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On the other hand, in the results of the search, more than 60 documents that anal-
ysed other crops appeared. These other crops included citriculture [39], maize [40,41],
wheat [42], beans [43], African eggplant [44], red lettuce [45], barley [46], sugarcane [47,48],
vineyard [49], rice [50], chilli [51], cabbage [52], and soybean [53], among others. Finally, it
is important to highlight that in some cases, even when the title indicates that the paper
focuses on turfgrass images, the acquired images may contain information for other types
of areas, such as in Perea-Moreno et al. [54].

3.2. Comparative Analyses of Collected and Filtered Data

A comparative analysis consisting of the documents found and included was con-
ducted. These comparative analyses include aspects such as the number of contributions
per year, country, and type of contribution (journal paper, conference paper, book chapter,
thesis, etc).

The number of contributions per year can be seen in Figure 3. The information
for the year 2024 has not been included in the graphic, since data were collected at the
beginning of the year. It can be seen that there is a clear tendency in the evolution of this
topic. Concerning the found documents, scattered publications can be found since 2009.
Nevertheless, since 2016, this topic has been gaining popularity, with maximum publication
rates in 2023 (last year). Nevertheless, the papers that were included focused on real-use
drones and turfgrass. The peak of publications was in 2022. Thus, we can conclude that
the application of drones in turfgrass has been delayed for a couple of years due to similar
topics. This information is crucial, and it might indicate that this is a topic in expansion
and that, in the upcoming years, multiple contributions to this area are expected.
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Figure 3. Tendency in the published included and found documents in the search.

Data concerning the global distribution of authors from found and included docu-
ments can be seen in Figure 4. While Figure 4a details the location of affiliations of authors
in the found documents, Figure 4b summarises the information for the included documents.
For assessing the location of affiliations, the following rules were followed: if there are
multiple affiliations for the authors in the same paper, the assigned affiliation is that of
the majority of the authors; if an equal number of authors have different affiliations, the
assigned affiliation is that of the first author. The great majority of the found documents
were written by authors with USA affiliations, with 105 documents. The other contributing
countries in terms of producing documents are Italy (19 documents), Spain (18 documents),
China (15 documents), and India (15 documents). Focusing on the included documents,
again, the USA is the country with the greatest number of contributions (20 documents),
followed by Italy with 4 documents, Spain with 3 documents, and Turkey and Korea with
2 documents each.
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Figure 4. Affiliation of authors of the (a) found and (b) included documents.

Finally, in Figure 5, we summarised the words contained in the title using a word
cloud generator [55]. The top 25 most representative words from the found and included
documents can be seen. Some differences are observed between both clouds. In the one
from the included documents, it is possible to observe that words such as remote, sensing,
unmanned, aerial or imagery appeared more frequently than in the found documents. It is
worth highlighting that the keywords “drone” and “UAV” appeared with less frequency
than turfgrass in the titles. Another aspect to be mentioned includes the words “review”
and “management”, which appeared in the word cloud of found documents and did not
appear in the word cloud of the included documents due to the removal of reviews and
general documents.

Found documents Included documents

applications
d review based

water

sensing

thermal
water f
plant
Weed tur gra,SS nitrogen
LAy based plant Stress USIng irrigation
aerial unmanned
green imagery

Figure 5. Word clouds of the found and included documents.

3.3. General Findings

Given the scarcity of publications on turfgrass management, we categorised the ob-
tained documents into three clear classifications—"Irrigation and Water Stress”, “Fertilisers
and Biostimulants”, and “Others”—to enhance user comprehension. Within the “Irriga-
tion and Water Stress” category, all documents pertaining to studies on water stress and
irrigation utilising drones were included. The category “Fertilisers and Biostimulants”
encompassed documents focusing on turfgrass nutrition and quality, specifically address-
ing fertiliser and biostimulants. Any document not falling into these specified groups
was categorised as “Others”. The year 2023 exhibited the highest number of documents
(n = 5) in the “Irrigation and Water Stress” category, followed closely (n = 4) by 2021 and
2019. Conversely, no documents were identified under the “Fertilisers and Biostimulants”
category for the years 2020, 2022, 2023, and 2024. A comprehensive overview of the annual
publication distribution is presented in Figure 6.



Drones 2024, 8, 563

7 of 39

m Iirigation and Water Stress ~ m Fertilizers and biostimulants ~ ® Others

10
» 8
=
=
Z 6
g _—
= s =l
)
<
5 2 = I . I

o L I I
2016 2019 2020 2021 2022 2023 2024

Year of Publication

Figure 6. Topics of the included documents from 2016 to 2024.

In the following section, we analyse some of the generally studied aspects for the
different categories. First, the drone models used are shown in Figure 7. For enhanced
visualisation, the possible differential traits linked to different possible configurations as
available cameras, such as the Phantom 4 multispectral or the inclusion of RTK stations,
have not been included in this graphic. The most commonly used drone model is the
Phantom 4. Then, the Matrice 210, S800 EVO, and Bebop-Pro Thermal from Parrot (Paris,
France) are equally used. Some aspects to be highlighted are the inclusion of a tailored
drone in one of the studies and the high predominance of the DJI (Shenzhen, China)
brand. It must be noted that, in some cases, the authors used more than one drone in the
same study. Concerning the flying height, there are no significant great topics in terms
of minimum and maximum distances, as seen in Figure 8. The flying height is generally
below 100 m, with a few exceptions. The average flying height is greater for irrigation and
fertilisation uses.
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Figure 7. Models of the used drones in the included papers. Different colours indicate different
manufacturers. Dark blue, DJI; Orange, Parrot; Green, 3D Robotics (Berkeley, CA, USA); Light blue,
MikroKopter (Moormerland, Germany); Grey, AgEagle (Wichita, KS, USA); and Black, no information
about the manufacturer.
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Figure 8. Flying height of drones in the studies of different categories.

In the context of the established categories, an analysis of turfgrass genera revealed
notable frequencies, with the Lolium genus being the most prevalent (n = 4) in the “Irri-
gation and Water Stress” category. Following closely were the Poa, Stenotaphrum, and
Zoysia genera, each with a frequency of three occurrences. In the category of “Fertilisers
and Biostimulants”, the Paspalum genus emerged as the most frequently utilised (n = 3),
followed by Cynodon, Festuca, Lolium, Poa, and Zoysia genera, each appearing twice.
Meanwhile, no specific genus featured prominently in the remaining studies. Figure 9
provides a concise summary of these findings.
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Figure 9. Grass genus used in the included studies.

4. Drones for Monitoring Plant Hydric Stress and Irrigation Performance

In this section, the use of drones for turfgrass monitoring in studies where irrigation
or hydric stress is evaluated is compared. First of all, the different drones used, their
characteristics, and how drones are used are reviewed. Then, the grass species used and
the details of the studies that were conducted are presented. Finally, additional information
sources such as in situ or handheld sensors are reported.

4.1. Drones Used

This subsection provides details on drones used for irrigation and hydric stress mon-
itoring. There are two papers in which authors used two drones [56,57], but in the rest
of the cases, only one drone was used. The reason for using two drones in [56] is due to
the limitations of the bands in each drone and the incapability of changing the camera
of selected drones (IRIS+ and S800 EVO). The different drones used are summarised in
Figure 10. The most commonly used drones are from DJI, used in more than 60% of
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cases [24,56-66], followed by 3D Robots with three cases [56,67,68], Parrot [69,70], and eBee
X [57,71]. The most commonly used model is the S800 EVO [56-58] (more information
in [72]) and Matrice 200 (more information in [73]) [24,60,61], followed by the Phantom
4 [63,64] (more information in [74]) and Bebop-Pro Thermal [69,70] (more information
in [75]), and AgEagle [57,71] (more information in [76]) which is used twice. There are
several models which are only used once: Phantom 2 [65], Matrice 300 RTK [66], Matrice
600 Pro [62], Inspire 2 [59], IRIS+ [56], Solo [67], and X8 [68]. More information on the
aforementioned drones can be found in [77-83]. There is one particular case in which no
information about the model of the drone used is provided since the data were captured by
an external company (GreenSight) [84].

m S800 EVO & Matrice 200 v2

m Phantom 4 = Phantom2

= M300 RTK # Matrice 600 Pro
Inspire 2 = |RIS+

2 Solo X8

m Bebop-Pro Thermal = SenseFLY

m NI

Figure 10. Brands and models of drones used in hydric stress monitoring.

Considering the type of drone propulsion system, see Figure 11a, fixed-wing drones are
used in only two cases [57,71]. The most commonly used drones are the quadcopters, used
up to six times [24,56,59,60,63-65,67,69,70], followed by hexacopters, which are selected in
five cases [56-58,61,62,84], and octocopters [66,68]. It should be noted that the information
about propulsion systems has not been provided in all of the papers, and these data come
from the manufacturers’ web pages [72-83]. Regarding the flying height, indicated in this
paper as the distance to the ground, there is a high heterogeneity; see Figure 11b. The
average distance to the ground is 52 m. There is a high percentage of cases in which the
drones are equal to or below 25 m [56-58,64,66,67]. On four occasions, the drones were used
at a distance to the ground from 25 to 50 m [57,61,67]. Then, we found some cases in which
drones flew at greater heights, 55 m [59], 75 m [57,71], 80 m [60], 100 m [65], 119 m [63],
and 120 m [84]. It might be noted that the case with the greater height corresponds to the
fixed-wing drone, which an external company provided.

In the following, the details of the cameras used for monitoring irrigation are analysed.
As in the case of drones, not all the documents provide full information about the details
of the cameras used, and manufacturers’ web pages are consulted to provide accurate
data. First of all, in Table 1, we describe the cameras used when a camera was used with
drones. It must be noted that some of the drones mentioned in the previous paragraphs
have their own cameras, such as the DJI Phantom 4. The cameras included in Table 1
correspond to cases in which an additional camera is used. In this table, we have added
information related to the sensors used for image obtention and other additional technical
notes. One of the most common manufacturers is Cannon (Ota, Japan), with the PowerShot
5100 [56-58] and the PowerShot SX260 HS [65] and an additional publication for which
no details of the used model are given [68]. It must be noted that in most cases, Canon
cameras are modified by adding a filter from Llewellyn Data Processing, allowing the
capture of NIR data. The other highlighted manufacturer is AgEagle, with the models
MicaSense RedEdge MX [57,71], MicaSense RedEdge-M [44,60,66], and Altum [61,62]. The
cameras produced by GoPro (San Mateo, CA, USA) are also used for turfgrass monitoring,
including the GoPro Hero 4 [67] and other models [68]. Other manufacturers include FLIR
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(Wilsonville, OR, USA) [56], Sentera (Saint Paul, MN, USA) [63], Slantrange (San Diego,
CA, USA) [24], MAPIR (San Diego, CA, USA) [67], and DJI [60]. The last manufacturers,
jointly with AgEagle, provide cameras specialised for drones and have additional bands
beyond the RGB included in the Canon cameras, which might have variable resolutions
for the different bands. One common sensor type is the Complementary Metal-Oxide—
Semiconductor (CMOS), which is included in the Cannon PowerShot 5100 camera, among
other traditional cameras. Another type of sensor is the Downwelling Light Sensor (DLS)
which is used by AgEagle camera manufacturers. Finally, a specific sensor for the longwave
infrared (LWIR) sensor is used for FLIR manufacturing.

7
Fixed-wing drone h = 6
2
3 s
o @
5 octocopter ([N &
S S
S exacopter &
s
E
Quadcopter
0
(25, 50] (75, 100]
0 5 10 15 [0, 25] (50, 75] (100, 125]
Ne of application cases (N°) .
Distance to the ground (m)
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Figure 11. Additional details of drones used in hydric stress monitoring. (a) Type of drones and
(b) distance to the ground (histogram).
Table 1. Summary of cameras used for hydric stress monitoring.
Camera Camera Resolution  Specific for . .
Manufacturer Model Sensor Type (Pixels) Drones Technical Notes Used in:  Reference
MicaSense 5 spectral bands,
AgEagle RedEdge MX DLS2 1280 x 960 Yes integrated GPS [57,71] [85]
. Capture data for field
AgEagle MicaSense DLS 1280 x 960 Yes analysis and [44,60, [86]
RedEdge-M . . 66]
post-flight processing
MicaSense 2064 x 1544, Includes
AgEagle Altum DLS 2 4112 x 3000, Yes high-precision [61,62] [87]
320 x 256 thermal sensor
AgEagle Parrot CMOS 4608 x 3456 Yes Lightweight, ideal [67] [88]
Sequoia for drones
Canon Povgfgﬁh‘)t CMOS 4000 x 3000 Compact, built-in GPS  [56-58] [89]
PowerShot .
Canon SX260 HS CMOS 4000 x 3000 20x optical zoom [65] [90]
Improved MFT (Micro 4/3)
DJI Zenmuse X5s Micro 4/3 5280 x 3956 Yes sensor, high [60] [91]
sensor dynamic range
Zenmuse Includes laser for
DI H20T CMOS 5184 x 3888 Yes distance measurement [66] (921
GoPro  GoProHerod  CMOS 4000 x 3000 Portable, robust [67] [93]

and compact
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Table 1. Cont.
Camera Camera Resolution  Specific for . .
Manufacturer Model Sensor Type (Pixels) Drones Technical Notes Used in:  Reference
. Survey 2 Designed for drones,
Mapir RGB CMOS 4608 x 3456 microSD storage [59] [94]
. Specialised in plant
Mapir Survey 2 NIR CMOS 4608 x 3456 health monitoring [59] [95]
Lightweight and easy
Sentera Single Sensor CMOS 4000 x 3000 Yes to integrate [63] [96]
into drones
SlantRange SlantRange Real-time data
Slantrange AP+ AP N.L Yes processing [24] [97]
VUE PROR High precision in
FLIR 336 LWIR 336 > 256 Yes temperature detection [56] [98]

Regarding the quantity of bands utilised in the generated images, an average of four
bands is typically employed: see Figure 12. There were four cases that used three bands,
including blue and green in all of them, but had different information from the third band,
which can include red [68] or near-infrared (NIR) [57,58,65] if filters are used. Three studies
included cameras with four bands, including thermal data [69,70] or NIR [59] beyond
the RGB bands. There were six studies in which five bands were used. Generally, these
bands included RGB + RedEdge + NIR [57,63,64,66,71]. Nevertheless, there were two
different cases. In one case, the bands included RGB + NIR + Thermal [84], and the other
included green, blue, and NIR and two bands relative to the midwave infrared (MWIR)
and longwave infrared (LWIR) [56]. The use of six bands was found in four studies which
had information about RGB9RedEdge + NIR data. There was some heterogeneity in the
sixth used band, which included, in some cases, the LWIR data [60-62], and the other cases
included the NarrowRed band [24]. The case in which more bands were used is shown
in [67], where seven bands were captured (RGB + RedEdge + NIR + Thermal + LWIR).
The band most commonly used beyond blue and green was the NIR, followed by red and
redEdge, with 15, 14, and 9 uses each.

HB BMG BmR “RedEdge « NarrowRed HENIR ®Thermal MWIR ®LWIR

Used bands (n2)
o = N w ES (6] (o)} ~ [o0]

Documents

Figure 12. Bands used for hydric stress monitoring. The document names included in the image
correspond to the following references: A.P. Bach (2022a) [57], M. Hong (2019) [58], K. Ding (2016) [68],
H.M. Fernandez (2019) [65], S.S. Mutlu (2023) [59], P.V. Mauri (2020) [69], Y. Yousfi (2022) [70], M.
Hong (2019) [56], C. Wang (2024) [66], A.P. Bach (2022b) [71], K.-B. Ku (2023) [64], R. Kerry (2023) [63],
J. Friell (2022) [83], A.P. Bach (2022a) [57], R. Berger (2021) [60], G.B. Rockstad (2024) [61], T. Wang
(2021) [24], K. Meza (2023) [62], and ]J. Zhang (2019) [67].
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Regarding the use of software for drone flight planning and image processing, the
available information in the documents is limited, see Figure 13. The planning software is
detailed only in seven cases, with the most commonly used one being the Mission Planner,
which has been used with the Iris+ [56] and the S800EVO [56]. DJI Pilot has been used
with the Matrice 210 [61]. Other used software includes AggieAir sUAS [62], DJI Ground
Station 4.0 [65], DJI GO [64], and Tower Beta from DroidPlanner [67]. Concerning the drone
image processing software, even though the software used has not been indicated in some
cases, there is more information. The most commonly used software types are the Pix4D
Mapper [24,60,64,67], which enables the creation of accurate 3D models and maps from
aerial imagery captured by drones, and ArcGIS [57,61,65,67,71], which is used for remote
sensing and Geographic Information Systems (GIS) application, used five times each. Then,
two pieces of software stand out with four uses each: Agisoft Metashape [57,61,62,71]
and Agisoft Photoscan [56-58,65]. It must be noted that both pieces of software are the
same; Agisoft Metashape is the current name of the software after the last update. Agisoft
Metashape is a self-contained software tool designed to carry out photogrammetric pro-
cessing on digital images. With fewer users, we can also highlight BreedPix 0.2 as selected
in [69,70], used to process digital images with no specific remote- or proximal-sensing
functionalities. Other pieces of software used include DroneDeploy [63], which is a specific
software used to apply certain corrections and create orthomosaics with images captured
with drones, among other uses. Other software is specific to certain manufacturers for the
data management of their thermal cameras.

B Drone image processing software o Drone flight planning software
QGIS  ——
DJIThermal SDK ~ s—
SlantView software — e—
Matlah —e—
MAPIR Camera Control — s—
SAGAGIS  me—
Drone Deploy —e—
FIELDimageR —
FLIR tool forthermalimages - ———
Mission Planner ——
BreedPix 0.2 Tower Beta
AgVISR AggieAir SUAS
Agisoft Photoscan Professional DJI Ground Station 4.0
Agisoft Metashape DJI GO pro app
ArcGIS DJI Pilot
Pix4D mapper Mission Planner
7 5 3 1 1 3 5

N° of usses of each software (n°)

Figure 13. Image processing and flight planning software used for hydric stress monitoring.

The last analysed parameters from drone flights are the number of flights and their
periodicity. These data are summarised in Figure 14. To simplify the information, we
have only included the documents which include this information. Most of the papers
have less than five flights, the most common number of flights is three [24,61,69,84] fol-
lowed by five [59,62-64]. Other cases include having two flights [71], six flights [70],
and seven flights [56]. There are some cases in which a significantly higher number of
flights are included, having 12 flights [59] and up to 30 flights [66]. The periodicity of
the flights is not directly related to the number of flights and has great variability, from
flying weekly [24,57,61,66,84], having two flights per month [56,69-71], or having flights
monthly [64,67]. There are some cases in which, even though the number of flights is
included in the documents, their periodicity is not given, or the distribution of flights over
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the studied period is not uniform [62]. Finally, there are four cases in which the authors do
not provide information about the number or periodicity of drone flights [56,58,60,65,68].

m Weekly

u Two-week period
# Monthly

= NI

u 2 flights
u 3flights
= 4flights
5 flights
= 6 flights
= 7 flights
12 flights
30 flights

Figure 14. Number of flights and periodicity for hydric stress monitoring.

4.2. Studied Types of Grasses

In this section, a comprehensive examination of agronomic parameters is provided,
encompassing variables such as the selected turfgrass species, the experimental design
(distinguishing between real-world and controlled experimental settings), the geographic
location or city where the experiments were conducted, and the composition of the turfgrass,
classified by either monoculture or mixed-culture configurations. This discussion aims to
furnish a thorough overview of turfgrass management practices utilising drone technology.

The investigations into irrigation-related aspects of turfgrass encompassed both sports and
gardening lawns. Approximately 72% of all studies focused on sports lawns [59,64,66,67,69,70],
with gardening lawns accounting for 36% [56,58,60,62,63,65,71,84]. Notably, specific infor-
mation regarding the type of lawn was not provided in 45% of the cases, as illustrated in
Figure 15. Studies centred on sports lawns dedicated one-third of their experiments to
real sports lawns, while a smaller percentage (25%) utilised test samples [56,59,64,66,71].
Conversely, research on gardening lawns exhibited a higher prevalence of studies (75%) con-
ducted on test samples compared to real samples (25%). Additionally, studies that did not
specify the type of lawn constituted 40% of experiments involving real samples [24,57,68].

m Sports Lawns
= Gardening Lawns
m NI

@ Test
m Real
= NLIL

Figure 15. Types of monitored lawns in terms of use for hydric stress monitoring.

The botanical insights into related turfgrass species prove valuable for ongoing re-
search and development initiatives, suggesting adaptability to diverse climates and parame-
ters conducive to biodiversity. In the realm of irrigation and water stress studies, those focus-
ing on a single species (monoculture) comprised 52% of all investigations [57,58,64,66,68],
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as illustrated in Figure 16. Predominantly studied genera in monoculture experiments in-
cluded Agrostis, Poa, Schedonorus, Festuca, Buchloe, Zoysia, and Stenotaphrum. Nonethe-
less, 23% of studies explored mixed species of turfgrass, with Cynodon, Zoysia, Steno-
taphrum, Lolium, and Poa being frequently investigated genera [60,61]. In particular, some
studies did not explicitly disclose this botanical information [24,62,65,84].

12

Cynodon
Lolium 10
mBuchloe
mFestuca
m Schedonorus

mPoa

Frequency (n°)
[=)}

B Stenotaphrum

@Zoysia

[ %]

W Agrostis

Monoculture Mixed
Type of lawns

Figure 16. Types of monitored lawns in terms of composition for hydric stress monitoring.

The preeminent focus on investigating various facets of turfgrass is notably observed
in the United States of America (USA), where approximately 57% of studies within the “Ir-
rigation and Water Stress” category were conducted [24,56,58,61-63,67,68,71,84]. Following
the USA is Alcala de Henares in Spain, contributing to 11% of the studies [69,70]. Within
the USA, the research was predominantly carried out in cities and states such as California,
Georgia, Manhattan, Michigan, North Carolina, North Dakota, Pomona, and Utah. Other
countries, including China, Portugal, South Korea, Switzerland, and Turkey, have also been
documented for their involvement in turfgrass-related studies [59,60,64—66]. A detailed
breakdown of the number of documents published from each location, both collectively
and by city, is presented in Figure 17.

No Information

Antalya (Turkey)

Basel (Switzerland)
Alcala de Henares (Spain)
Jeju Island (South Korea)
Faro (Portugal)
Zhuozhou (China)

Utah (USA)

North Dakota (USA)
North Carolina (USA)
Michigan (USA)

New York (USA)
Georgia (USA)
California (USA)

Location

(=]
—
[
w

Number of Documents
Figure 17. Location of monitored lawns for hydric stress monitoring.

4.3. Additional Information Sources

In this section, we summarised the other equipment used in the studies, such as drones,
for irrigation or hydric stress monitoring. Among the 18 included studies, complementary
information was reported in 13. Two big groups of devices can be differentiated: soil
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monitoring devices and turfgrass monitoring devices. Concerning the soil parameters, soil
moisture is the most studied. For the grass, different crop monitoring equipment is used to
evaluate the impact of the hydric stress.

For turfgrass monitoring, two options were found: using visual indexes and using
specific devices such as RGB cameras or specific crop monitoring devices to measure
vegetation indexes. Quality evaluation by means of rating was conducted in most of the
cases following the recommendation set in [99]. This rating varies from 1 to 9 (1 = dead turf,
9 = uniform, green and dense turf, and 6 = minimally acceptable turf) and includes different
parameters such as colour, texture, density, and uniformity. The turf quality was measured
in [56-59,71]. Other similar measures include the visual ratings for green cover, set on a
scale from 0 to 100%. This has been used in [56,59]. Other parameters, which have been
visually assessed in [63], include the dead or discoloured grass as a percentage. Finally,
in [62], a specific device was used to measure the grass quality by destructive means, which
consisted of measuring the colour of leaves with an Epson Perfection V39 colour scanner
(Suwa, Nagano, Japan).

Regarding the RGB cameras used in six cases for image ground-based RGB image
acquisition, lightboxes were used in most of the cases. The lightboxes were used with a
Nikon (Minato City, Japan) D5000 digital camera to gather images for the grass in three
cases [56-58] with a lightbox of 0.51 x 0.61 m, while a Canon PowerShot SX620 mounted
to a lightbox of 0.6 x 0.5 m was used in [61]. A second option has been the use of cameras
held away from the body at arm’s length and pictures being taken straight down. This has
been the case with the SONY (Minato City, Japan) DSC-W120, used in two studies [69,70].
SigmaScan Pro 5.0 was used to analyse the generated data [56-58]. Concerning the NDVI,
it was measured in six cases. There is high heterogeneity in the used devices, with the
most commonly used being the GreenSeeker handheld crop in three studies [61,63,70] and
the RapidScan CS-45 [56-58] in three. Other devices include the FieldScout (Portland, OR,
USA) CM1000 [56,58] and FieldScout GreenIndex [63]. The plant canopy temperature was
measured in two cases using an infrared thermometer, the Fluke (Everett, Washington, DC,
USA) 561 [69,70].

Finally, the soil monitoring parameters include soil moisture and soil temperature.
The soil moisture, which has been measured in nine studies, was generally assessed using
the TDR devices from FieldScout, such as the TDR 300 [56-58,71], with TDR 310 [63],
and with TDR 350 [69]. Other examples of soil moisture monitoring devices include
the Delta T theta probe [63], Plantae (Madrid, Spain) station sensors [69], and Trime-T3
from IMKO Micromodultechnik GmbH Ettlingen, Germany ) [66]. For the soil temperature
measurements, included only in four studies, there is a higher diversity and less information
about the devices used. Three papers indicate that digital soil temperature sensors were
used [56,58,62], but only two of them indicated the used device, the DT310LAB from
GENERAL TOOLS & INSTRUMENTS (New York, NY, USA) [56,58]. The case in which soil
temperature was recorded was conducted using soil-encapsulated thermocouples [71].

5. Drones for Monitoring the Fertilisation State of the Grasses

This section examines the comparison of employing drones in monitoring turfgrass,
particularly in studies assessing the use of fertilisers and biostimulants. It begins by
evaluating various drones, including their features and operational methods. Subsequently,
it discusses the types of grass species examined and outlines the specifics of the studies
conducted. Lastly, it covers additional data sources like in situ or handheld sensors.

5.1. Drones Used

This subsection outlines the characteristics of the drones employed for monitoring
the effect of fertilisers and biostimulants. In this application, there is no case in which the
authors used two drones; only one drone was used to monitor each study. The brand and
model of the drones used can be seen in Figure 18. Drones manufactured by MikroKopter
has been used in one case [100]. Again, most drones are from D]JI, and they are used in



Drones

2024, 8, 563

16 of 39

Type of drone

Fixed-wing drone

Octocopter

Hexacopter

Quadcopter

more than 75% of cases [101-106]. The most commonly used models are the S900 [107],
used in two cases [103,105], and the Phantom 4 [74], used in [101,104]. There are other
models that are only used once: Mavic Mini [106], S1000 [102], and OktoKopter XL [100];
more information on these drones can be found in [108-110]. There is one particular case in
which no information about the model of the drone used is provided [111].

" = S900
! 2
1

= S1000
m DJI
= Phantom 4
= Mikrokopter Mavic Min
w Mavic Mini

= N.I
m OktoKopter XL

m N.|.

Figure 18. Brands and models of drones used in fertilisation monitoring.

Considering the type of drone propulsion system, see Figure 19a, all of the drones
used are multirotor. The most commonly used drones are the quadcopters, selected up to
three times [101,104,106], followed by hexacopters, which are used in two cases [103,105],
and octocopters [100,102], with the same number of application cases. In relation to the
flying altitude, again, there is significant variability, as depicted in Figure 19b. The average
distance from the ground is 50.75 m. In this case, only two studies used the drone flying
at less than 25 m from the ground [104,106]. The drones were used with a distance to the
ground of 40 m [101] and 50 m [102,103]. Then, we found two cases in which drones flew at
greater heights, 90 m [105] and 100 m [100]. It must be noted that in one study, two flying
heights were used [104]. There is one case in which no information about the propulsion
system of flying height is provided [111].
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Figure 19. Additional details of drones used in fertilisation monitoring. (a) Type of drones and
(b) distance to the ground (histogram).

Next, we examine the specifications of the cameras utilised for irrigation monitoring.
Initially, Table 2 provides an overview of the cameras employed when supplementary
cameras are utilised alongside drones. It is important to highlight that certain drones, as
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referenced in the preceding paragraphs, come equipped with their own cameras, such as
the DJI Phantom 4. The cameras listed in Table 2 pertain to instances where an additional
camera is employed. It is possible to differentiate two groups of used cameras: those
specific to drones and the traditional RGB cameras. Traditional cameras include the Canon
5100 [89] and Sony Nex 5 [112]. Moreover, in two papers, the authors indicated that RGB
cameras were used with no indication of the models [101,106]. Regarding the cameras
for drones, which include more bands, MAIA S2 from EOPTICS (Trento, Italy) [103,105],
Mini-MCA [100], and ADCMicro [102] were selected. The Tetracam manufacturer employs
the Mini-Multispectral Camera Array (Mini-MCA)-type sensor. Another type of sensor
mentioned in the table is the Agricultural Digital Camera Micro (ADCMicro), which is used
by Tetracam. An average of four bands are used for the number of generated images; see
Figure 20. There are three cases in which just RGB images were used [101,104,106]. Then,
two studies have four bands, RGB + NIR [102] and RGB + RedEdge [103], and one study
has up to nine bands, including two NIR, thermal, and other bands [105]. It must be noted
that the information from the bands was not fully available in the papers and has been
completed according to the manufacturers’ instructions. Finally, there is one case in which
the authors reported the camera used, which has six bands, but no clear information about
the band distribution was found.

Table 2. Summary of cameras used for fertilisation monitoring.

Camera Camera Resolution  Specific for
Manufac- Model Sensor Type (Pixels) Drones Technical Notes Usedin:  Reference
turer
PowerShot s
Canon 5100 CMOS 4000 x 3000 Compact, built-in GPS [102] [89]
High-quality,
Sony Nex 5 CMOS 4592 x 3056 interchangeable [105] [112]
APS-C sensor
. - Capture up to 6 bands
Tetracam Mini-MCA Mini-MCA 1280 x 960 Yes . [106] [113]
simultaneously
Tetracam ADCMicro ~ ADCMicro 2048 x 1536 Yes Compact and [102] [114]
lightweight
SAL Configurable for
Engineering MAIA S2 CMOS 1280 x 960 Yes 16 lg licati [103,105] [115]
and EOPTIS multiple applications
10
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Figure 20. Bands used for fertilisation monitoring. The document names included in the image
correspond to the following references: Z. Bitarafan (2019) [101], J.A. Bush (2021) [104], L. Caturegli
(2022) [106], L. Caturegli (2016) [102], A. Baldi (2019) [103], and L. Caturegli (2020) [105].
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Regarding the use of software for drone flight planning and image processing, the
available information in the documents is limited: see Figure 21. The planning software has
not been indicated in any of the papers. Thus, in order to provide a general view, the flight
software generally used for the given drones is provided in the graphic. Nevertheless, in
some cases, a single picture is taken, which includes the whole area, and no planning is
conducted [102,111]. The DJI GO is the software indicated for [101,104], the DJI Fly for [106],
the DJI Assistant for [105], and the DJI Pilot for [102]. The drone image processing software
is only clearly indicated in five cases. Among these cases, there is a high heterogeneity
from tailored software for specific cameras such as MAIA Software [105] and general drone
data management software such as DroneDeploy [104] or Pix4Dmapper [101] to software
from general remote sensing such as ArcGIS 10.0 [100]. There is a case in which Canopeo,
a MATLAB R2020b application for green canopy cover evaluation, has been used [104].
Finally, we found a case in which software for general digital image processing has been
used, GIMP 2.10 [106].

M Indicated drone image processing software
B Expected drone flight planning software (according to used drone)

Canopeo
(MATLAB R2020b)

Pix4DMapper

MAIA software g8 D) Fly

GIMP 2.10. GIMP & DIl Assistant 2

DroneDeploy g DJIPilot

ArcGIS 10.0 & DJIGO

3 1 1 3
N° of usses of each software (n°)

Figure 21. Image processing and flight planning software used for fertilisation monitoring.

The final parameters assessed from drone flights include the count of flights and their
frequency. This information is condensed in Figure 22, but only the documents containing
this information have been included to streamline the data. The majority of the papers
indicate less than two flights; the most common number of flights was one [101,102,106],
followed by two [102] and four in [104]. The observed periodicity of flights is yearly [102]
or quarterly [104]. Finally, there are three cases in which the authors do not provide
information about the number or periodicity of drone flights [100,105,111].

m Quarterly
& Annualy
# NI

= 11light
= 2flights
41lights

Figure 22. Number of flights and periodicity for fertilisation monitoring.
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5.2. Studied Types of Grasses

The application of fertilisers and biostimulants aims to enhance the overall quality
and growth of turfgrass. Our investigation focuses on studies utilising drone technology
to assess turfgrass quality. The parameters examined in this category include agronomic
factors such as the genus of turfgrass species, experimental conditions (test or real), geo-
graphic location, and turfgrass culture configuration. This discussion aims to provide a
comprehensive overview of turfgrass management practices utilising drone technology,
specifically within the field of fertilisers and biostimulants.

A divergent trend emerged in studies focusing on the application of fertilisers and
biostimulants, with a predominant 77.7% of studies omitting explicit mention of the ex-
perimental design and lawn type [100-106,111]. This contrasts sharply with an equal
representation of studies involving sports lawns [105], as depicted in Figure 23. Remark-
ably, only two studies provided specific details about employing test lawns, while such
information was generally absent in the majority of cases [105,108].

m Sports Lawns

= Gardening Lawns
= N.|

® Test

m Real
= N.IL.

Figure 23. Types of monitored lawns for fertilisation monitoring.

Moving to the assessed species, studies concentrating on monoculture constituted only
22% of all investigations [101,108] (Figure 24). A smaller number of studies reported using
mixed turfgrass species, while a substantial majority (67%) did not provide information
on the diversity of experimental fields concerning turfgrass genera [100,102,104-106,111].
Monoculture studies predominantly featured Lolium, Festuca, Poa, and Agrostis, whereas
mixed species cases favoured Cynodon, Paspalum, and Schedonorus.
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Figure 24. Types of monitored lawns in terms of composition for fertilisation monitoring.

Finally, we analyse the locations in which these lawns have been studied. When
examining studies related to the use of fertilisers and biostimulants, the city of Rottaia
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in Italy emerges as the most frequently studied location, constituting 44% of all studies
in this category (Figure 25) [103]. Specifically, cities such as Pisa, San Piero a Grado, and
Tirrenia in Italy contributed significantly [102,103,105,106]. In contrast, states like Kentucky
and Nebraska in the USA (22%) [100,104], and cities like Taastrup in Denmark (11%) [101],
and Bursa in Turkey (11%) also served as primary research locales for turfgrass-related
investigations [111].

Bursa (Turkey)

Tirrenia (Italy)

San Piero a Grado (Italy)
Rottaia (Italy)

Pisa (Italy)

Location

Taastrup (Denmark)
Nebraska (USA)
Kentucky (USA)

0 1 2 3

Number of Documents
Figure 25. Location of monitored lawns for fertilisation monitoring.

5.3. Additional Information Sources

Among the eight included studies, complementary information was reported in seven.
None of them indicate the monitoring of any of the soil parameters of the lawns. The most
common additional information related to the turfgrass included RGB information, NDVI,
and visual ratings of turfgrass quality.

Regarding the RGB cameras, in [104], a Nikon D750 Digital was used to gather im-
ages for the grass. For image acquisition, the camera was held away from the body at
arm’s length and pictures were taken straight down. These pictures were then analysed
using MATLAB’s Canopeo algorithms. Quality evaluation by means of rating was con-
ducted in four studies. The selected visual rating scales included parameters such as green
cover [103,106], turf quality [103,105,106,111], and turf colour [103,105,106,111].

The NDVI was measured in four cases using the GreenSeeker (Zagreb, Croatia) hand-
held crop sensor in three studies [102,103,105] and the Crop Circle RapidScanTM CS-45 from
Holland Scientific (Lincoln, NE, USA) in [100,106]. Finally, the canopy temperatures were
measured in just one study [102] with an infrared thermometer (Testo (Titisee-Neustadt,
Germany) mod. 825-T2) located 0.8 m from the ground. Nevertheless, the authors did not
clearly indicate whether surface temperature refers to the plant canopy temperature or the
soil temperature.

6. Drones for Monitoring Other Issues

In this section, the utilisation of drones for monitoring turfgrass in studies focused on
diverse issues is analysed. Initially, the discussion focuses on the comparison of different
drones, delineating their attributes and operational modalities. Following this, the text
delves into the varieties of grass species utilised and provides an overview of the particulars
of the studies that were conducted. Lastly, it compares additional data resources, such as in
situ or handheld sensors.

6.1. Drones Used

The characteristics of the drones employed for monitoring other types of issues are
presented in this subsection. As stated in the irrigation section, in some cases, the authors
of the same study used two drones [116]. Moreover, there is a fact only observed in these
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Hexacopter
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varied applications; in one case, the authors used a tailored drone for data collection [117].
The brand and model of the drones used can be seen in Figure 26. Again, the most
commonly used drones were from DJI, used in more than 75% of cases [116,118-124],
followed by Parrot, which was used once [125] and 3DRobotics [11]. The most commonly
used model was the Phantom 4 [74], which was selected in five studies [116,119,120,123,124].
The rest of the models which were only used once are the Inspire 1 FC-350 [116], the Matrice
200 V2 [118], the Matrice 210 [122], the Mavic 2 Pro [121], and the Bebop-Pro Thermal [125]
and Iris+ [11]. More information on these drones can be found in [75,77,81,126-128].
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' 1 % Inspire 1 FC-350
1

[ [

= Matrice 200 V2

= DJI

= Parrot = Matrice 210

m 3DRobotics Mavic 2 Pro
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m [ris+
m N.I

Figure 26. Brands and models of drones used in monitoring other issues.

In this subsection, all included drones are characterised by having four rotors, as can
be seen in Figure 27a. Concerning the distance to the ground, as in previous cases, there
is significant variability, which has been outlined in Figure 27b. The average distance
from the ground for these applications is considerably lower than in the previous studies,
35 m. In this case, six studies used drones flying at equal or less than 25 m from the
ground [117,119,121,123-125]. Drones were used at distances from 25 to 50 m in four
cases [11,116,119,120,123]. Then, we found three cases in which drones flew at greater
heights, at 60 m [116], 70 m [118], and 80 m [122]. There were three studies in which drones
were used at different distances [116,119,123].
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Figure 27. Additional details of drones used in monitoring other issues. (a) Type of drones and
(b) distance to the ground (histogram).

In this paragraph, we are going to explore the specifications of the cameras utilised
for diverse monitoring. A summary of the cameras used, which are not included in the
abovementioned drones, can be seen in Table 3. As in the previous cases, cameras belonging
to two different application ranges are found: ones specific to drones and traditional RGB
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cameras. The GoPro Hero 4 [117] and Canon PowerShot A2500 [11] have been used among
traditional cameras. Moreover, in two papers, the authors indicated that RGB cameras are
used without the models indicated [119,123]. In addition to these cameras, the Zenmuse
Xb5s, specifically for drones, have been used [122]. Regarding the cameras which include
more bands, MicaSense Altum [124], Micasense RedEdge MX [121], Mica-Sense RedEdge-
M [120,122], and SlantRange 4P+ were used at least once [118]. It must be emphasised that
on some occasions, more than one camera was used with the same drone [122,124] or by
using multiple drones [116] in the same study. In this case, there was one camera that uses
a Charge Coupled Device (CCD) sensor, the PowerShot A2500. Regarding the quantity of
bands present in the generated images, an average of four bands were typically utilised
in the studies included in this section; see Figure 28. There exist five cases where solely
RGB images were employed [11,117,119,123,125]. Subsequently, one study incorporated
four bands, consisting of RGB + NIR [116], while the other three studies encompassed five
bands, RGB + RedEdge + NIR [118,120,121]. Finally, there were two cases in which authors
included six bands [122,124] having RGB + RedEdge + NIR + Thermal. Again, it must be
stated that information regarding the bands was not consistently available in the papers
and was supplemented based on the manufacturers’ specifications.

Table 3. Summary of cameras used for monitoring other issues.

Camera

Camera Resolution  Specific for . .
Manufac- Model Sensor Type (Pixels) Drones Technical Notes Used in:  Reference
turer
MicaS 2064 x 1544, Includes a
AgEagle Kﬁ ense DLS 2 4112 x 3000, Yes high-precision [124] [87]
um 320 x 256 thermal sensor
Micasense 5 spectral bands,
AgEagle RedEdge MX DLS 2 1280 x 960 Yes integrated GPS [121] [85]
. Capture data for field
AgEagle MicaSense DLS 128,0 x 960 Yes analysis and [120,122] [86]
RedEdge-M pixeles . .
post-flight processing
Canon POX;;S;‘“ CCD 4608 x 3456 5x optical zoom [11] [129]
Improved MFT (Micro 4/3)
DJI Zenmuse X5s Micro 4/3 5280 x 3956 Yes sensor, high [122] [91]
sensor dynamic range
Portable, robust,
GoPro GoPro Hero 3 CMOS 1920 x 1080 [117] [130]
and compact
SlantRange SlantRange Real-time data
Slantrange AP+ AP N.L Yes processing [118] [97]

Regarding the use of software for drone flight planning and image processing, the
available information in the documents is limited; see Figure 29. The planning software
is indicated in only two of the documents included. The used software includes the
PiX4Dcapture [116], the DroneDeploy [119], and PixHawk Mini Mission Planner [11]. The
drone image processing software is clearly indicated in only eight cases. Among these cases,
there is a high heterogeneity. The most commonly used one is the Pix4Dmapper [116,118-122],
followed by ArcGIS software [120,121,124], and one designed for general remote sensing,
Agisoft Metashape [118,124]. There are two pieces of software used once. On the one hand,
SlantView [118] is a piece of agricultural software created for analysing multispectral images
acquired from drones or alternative sensors. On the other hand, the Field Analyser [117], a
piece of software capable of quantifying the percentage of green cover and other indexes, is
used once.
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Figure 28. Bands for monitoring other issues. The document names included in the image correspond
to the following references: T. Wang (2022) [118], J. Zhang (2021) [119], M.A. Moreno-Armenddriz
(2019) [123], J.F. Marin (2021) [125], ].C. Booth (2021) [11], Y.C. Lee (2021) [116], T. Wang (2022) [118],
W.L. Groover (2020) [120], D. Koo (2022) [121], E. Steiner (2020) [122], and G. Rockstad (2020) [124].

B Indicated drone image processing software M Indicated drone flight planning software

Field Analyzer

SlantView
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DroneDeploy
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N© of uses of each software (n?°)

Figure 29. Image processing and flight planning software used for monitoring other issues.

The last parameter evaluated from drone flights consists of their frequency and number
of flights. These data are summarised in Figure 30. Only the documents containing this
information have been included to simplify the data visualisation. The majority of the
papers indicate three flights or less. In two studies, the number of flights was one [123,125].
A total of two flights are included in [118,121], and two flights are included in [11]. A larger
number of flights include using the drones 7 times [120], 12 times [122], 16 times [117], and
33 times [116]. Neither the number of flights nor their periodicity were directly indicated in
two studies [119,124]. The flight frequencies of found studies are two-week periods [120],
monthly [116-118,122], or annual [11,121].
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Figure 30. Number of flights and periodicity for monitoring other issues.

6.2. Studied Types of Grasses

Within the “Others” category, encompassing studies unrelated to irrigation, fertilis-
ers, and biostimulants, we analysed studies where the use of drones explored turfgrass
management. In this context, the parameters scrutinised include agronomic factors like the
most studied genus of turfgrass species, experimental conditions (test or real), geographic
location, and turfgrass culture configuration. This discussion endeavours to thoroughly ex-
plore turfgrass management practices employing drone technology, excluding the specific
focus on fertilisers and biostimulants.

A parallel observation was made in studies falling under the “Others” category,
where 45% of the investigations did not provide information on the utilisation of sports
or gardening lawns, as illustrated in Figure 31. Nevertheless, a discernible difference
in distribution was noted, with a higher proportion of studies focusing on sports lawns
(36%) [11,118,120,125] compared to gardening lawns (18%) [116,117]. Notably, one-third of
the studies on sports lawns were conducted on real turfgrass grounds [11,118,125], while all
studies related to gardening lawns were executed on real turfgrass lawns [116,117]. These
distinct patterns underscore the variability in reporting experimental details and the differ-
ing emphasis on real turfgrass grounds across the categories of fertilisers, biostimulants,
and other miscellaneous studies.

m Sports Lawns

m Gardening Lawns
= N.I

# Test
m Real
= NL.IL

Figure 31. Types of monitored lawns in terms of use for monitoring other issues.
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For this heterogeneous group of research, monoculture studies overwhelmingly repre-
sented 72% of all investigations [11,116-121,125], with studies on mixed species comprising
18% [122] (Figure 32). Cynodon and Zoysia emerged as the most prominent genera, fol-
lowed by Paspalum, Stenotaphrum, and Agrostis in monoculture cases. Festuca was
frequently employed in studies involving mixed cultures. Nonetheless, 9% of cases did
not disclose agronomic information on turfgrass diversity [123]. Figure 32 provides a com-
prehensive visualisation of these trends. These findings underscore the diverse botanical
strategies employed in various categories of turfgrass studies.
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Lolium

o Agrostis

m Stenotaphrum

Frequency (n°)
w -

@ Paspalum 2
W Zoysia 1
@ Cynodon 0

Monoculture Mixed
Type oflawns

Figure 32. Types of monitored lawns in terms of composition for monitoring other uses.

Regarding the location of the studied lawns, in the case of other studies related to
turfgrass, a prevailing trend is observed with a dominant focus on USA cities, contributing
to 45% of all cases (Figure 33). Specifically, turfgrass studies were conducted in cities and
states such as Alabama, Dallas, Florida, and Virginia [11,117,118,120,121]. The remaining
studies originated from Wageningen in the Netherlands, Incheon in South Korea, Alcala de
Henares in Spain, Zurich in Switzerland, and Mexico City in Mexico, each representing 9%
individually [116,122,123]. Nevertheless, one study did not specify a particular region [119].

No Information
Mexico City (Mexico)
Zurich (Switzerland)

Alcala de Henares (Spain)

g Incheon (South Korea)
3 Virginia (USA)
Florida (USA)
Dallas (USA)
Alabama (USA)

0 1 2 3

Document Number

Figure 33. Location of monitored lawns for monitoring other issues.

6.3. Additional Information Sources

Additional information has been collected in four studies [117,118,121,124], less than
50% of the studies included. The most common additional information for monitoring the
turfgrass was the NDVI and the use of ground-based cameras. None of this third group of
studies has measured soil parameters. In [120], soil samples were collected to analyse the
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presence of nematodes, but no measures of soil moisture or temperature were conducted.
Concerning the turfgrass, no measures of plant canopy temperature were carried out.

Visual evaluation of turfgrass quality is the simplest measure and has been used
in [117,118]. In 20 studies, several experts were asked to follow the National Turfgrass
Evaluation Standard, ranging from 1 to 9, but in [118], no information was provided
about the visual rating of turfgrass quality beyond the indication that the evaluated aspect
was the colour. Regarding the use of a lightbox for ground-based image acquisition, it
has been reported in three cases [117,118,124]. The sizes of the lightbox were given only
in two cases, and they were very similar in size, with an area of 0.6 x 0.5 m in [118]
and 0.61 x 0.61 m in [117]. The cameras used are only indicated in [118], where a Canon
PowerShot G16 with a resolution of 4000 x 3000 was used. The software used for image
analyses is identified in one case. The authors used the Turf Analyser [117], which is specific
for turfgrass quality evaluation.

The use of NDVI was only reported in two cases. In [124], the GreenSeeker handheld
was used to gather NDVI information from the ground. Meanwhile, in [121], the Crop
Circle ACS-430 from Holland Scientific, which generates multiple vegetation indexes with
three measurement channels of 670 nm, 730 nm, and 780 nm, was used.

7. Current Challenges and Future Trends

In this section, we are going to identify the current challenges in the use of drones
for monitoring turfgrass and the expected future trends. Nevertheless, before going into
detail, we will delve into the obtained information to provide responses to the questions
that moved this paper and were stated in the methodology.

7.1. Questions That Motivated the Survey

After deeply analysing the included papers, the scattered knowledge is updated
and comprehensively compared. Thus, it is possible to provide accurate responses to the
questions that motivated the survey.

7.1.1. Which Are the Most Commonly Used Drones for Lawn Monitoring?

The collected data indicate that a clear band and model are preferred for turfgrass
monitoring. The preferred band is DJI (used in more than 70% of the cases), with a special
predilection for the Phantom 4, the last model of the Phantom series. The Phantom series is
characterised by a good price—quality relation compared to DJI drones, which are included
in other cases. Other highly used DJI models are the Matrice and Inspire series and
the professional drones (5800, S900, and S1000). We can highlight 3DRobotics, Parrot,
eBee X, and MikroKopter from other brands. The high impact of DJI drones in turfgrass
monitoring is equivalent to what was reported in a recent survey for agriculture [131]. It
is important to highlight that only two cases of fixed-wing drones were identified, and
among multirotor drones, the quadcopters were clearly used with more frequency than
hexacopters and octocopters. This tendency coincides with the results of a recent survey on
drones for agriculture [132].

7.1.2. Which Are the Most Commonly Used Cameras for Lawn Monitoring?

Based on the obtained and analysed data, we can affirm that there is a clear preference
for including infrared information. The main reason is that NIR data need to be obtained to
calculate spectral indices such as NDVI. Nevertheless, the studies pointed out two main
ways of obtaining this information. On the one hand, specific cameras for vegetation
monitoring, which already include these bands, can be used and are the preferred approach.
Concerning this type of camera, the most commonly used one is the MicaSense RedEdge-M,
followed by the MicaSense RedEdge MX and the MicaSense Altum, pointing out the clear
predilection from AgEagle brands compared with others such as Hiphen, Tetracam, SAL
Engineering, and EOPTIS. Special sensors such as the DLS 2, Min-MCA, and ADC Micro
are used in these cases. In some cases, special sensors such as these are required for some
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bands. On the other hand, modifying traditional RGB cameras by adding filters is also
reported as a low-cost option if the acquisition of new equipment is not feasible. In the RGB
cameras framework, the most commonly used one is the Canon PowerShot S100, which
includes a CMOS sensor.

7.1.3. What Are the Current Uses of Drones for Lawn Monitoring?

Even though drones are used less in turfgrass than in other agricultural fields, multiple
uses have been reported. The most common uses of drones for lawn monitoring are related
to irrigation and hydric stress evaluations. This finding stands to reason, given the high
economic and environmental cost of turfgrass irrigation in warm and dry regions. The
second use of drones in lawns, according to a number of reported studies, is to assess the
effect of fertilisers. At this point, it is important to highlight that the use of biostimulants for
evaluation is marginal, even with the increase in the popularity of these products in recent
years. Other uses, although not as numerous as irrigation or fertilisation, are weed detection
and stress monitoring from both biotic (diseases and pests) and abiotic (temperature and
herbicides) factors. Finally, other anecdotic uses encompass establishing monitoring and
phenotyping grass species.

7.1.4. Are Drones More Used in Some Sorts of Lawns?

The data obtained pointed out a devastating fact: most of the studies do not indicate
which types of grasses are being monitored. Among those who have reported this informa-
tion, 65% of them focused on sports lawns, and only 35% studied turfgrass for gardening
lawns. We have to indicate that even though sports turfgrass represents an important eco-
nomic sector, the surface of sports turfgrass is marginal compared with gardening turfgrass
in the world. Focusing on each type of lawn, it has been observed that data gathered in
sports lawns correspond in most cases to real lawns, while the gardening turfgrass studied
with drones corresponds to test plots. Most of the studies were conducted in monospecific
lawns concerning the type of lawn in terms of grass species.

7.1.5. Are Drones Used Differently for Monitoring Different Aspects of Turfgrass?

To answer this question, data about flying height and the number of flights and their
periodicity are examined for the different applications. Regarding the flying height, there
are some differences among the collected data. The average flying height is about 50 m
for irrigation and fertilisation issues. Nevertheless, the distance to the ground decreases
to 35 m for other issues. The main reason is that for weeds and diseases, the required
resolution of cm/pixel needs to be more accurate in order to identify affected spots or
different plants. Regarding the number of flights and their periodicity, there are important
differences. While for irrigation monitoring, a minimum of two flights are included in the
studies, the application cases for other issues include one flight in a great number of the
studies (from 25 to 60%). While in studies focused on irrigation, the minimum periodicity
was weekly (or lesser), the periodicity in fertilisation was quarterly or annually, with no
studies including weekly or monthly flights. The minimum periodicity for the other studies
was a two-week period. Thus, we can confirm that drones are being used differently for
the diverse monitored aspects. Nevertheless, this fact does not indicate that the selected
periodicities are the best ones to observe the studied effects.

7.1.6. What Information Sources Are Combined with Drone Monitoring for Correct
Lawn Monitoring?

The use of additional information sources is not homogeneous nor used in all the
studies. Nevertheless, some general conclusions about the additional information sources
can be drawn. We can distinguish two studied mediums in the additional information
sources: the soil and the grass. According to the included studies, there are three main ways
of assessing grass status. The first one is the visual ratings, which include the grass quality
rating. This rating evaluates multiple aspects of the lawns, such as turfgrass colour, density,
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uniformity, etc. Other indexes encompass the percentage of green cover or the percentage of
dead and discoloured grass. The second way to evaluate the turfgrass is the use of ground-
based cameras. These cameras are used with a lightbox in several cases to ensure optimal
and uniform image acquisition. The third option is the use of specific crop monitoring
devices, both active and passive, to measure the NDVI, among which the GreenSeeker
handheld and Crop Circle RapidScan CS-45 are the ones more often employed. Finally,
two additional punctual measures are used, including the turfgrass canopy temperature
using infrared thermometers and the measurement of the colour of leaves with a colour
scanner. Focusing on the soil, it was only studied in irrigation and hydric stress studies. The
most studied feature was soil moisture, which was mainly monitored with TDR devices.
Meanwhile, the soil temperature was studied only in three cases and evaluated using
DT310LAB or encapsulated thermocouples.

7.1.7. General Analysis

The results of this comprehensive survey highlight the nascent yet underexplored
potential of drones in turfgrass monitoring. The dominance of DJI drones, particularly the
Phantom 4, and the preference for multirotor platforms, specifically quadcopters, reflect
not only the operational ease and commercial accessibility of these systems but also their
technical robustness. These attributes have positioned them as the default technology
for turfgrass monitoring. Likewise, the widespread use of the MicaSense RedEdge-M,
driven by its ability to capture essential spectral data, underscores the growing reliance on
infrared imaging to assess turfgrass health, particularly in identifying hydric stress and
monitoring fertilisation effects. Furthermore, IR cameras are essential for plant vegetation
indices studies, particularly for calculating the NDVI, due to the unique way plants interact
with light. Other reasons for their dominance include lower atmospheric interference
and soil background, making them more reliable for consistent vegetation monitoring.
However, these technological applications remain narrowly focused, with relatively few
studies addressing critical aspects such as weed detection, pest management, or the role
of biostimulants.

The concentration of studies on sports lawns and the lack of geographical diversity
in research reveal significant limitations that challenge the generalisability of the current
findings. In particular, the low frequency of drone flights in many studies compromises
the accuracy of temporal data, especially in complex, mixed-lawn environments where
diverse phytosociological interactions influence turfgrass dynamics. This narrow research
scope reflects broader systemic issues, such as underfunding more comprehensive, region-
ally diverse studies and an emphasis on high-profile applications like sports turf, which
attract greater institutional and commercial attention. Addressing these limitations will
require targeted efforts to expand research beyond affluent regions and prestigious appli-
cations, ensuring a more balanced and globally relevant understanding of drone-assisted
turfgrass monitoring.

A bibliometric analysis of the existing literature is warranted to better understand
the patterns observed in this survey. Such an analysis could shed light on the influence of
national policies, funding mechanisms, and institutional priorities that shape the global
research landscape. The dominance of wealthier countries, such as the United States and
several European nations, is likely attributable to robust agricultural technology sectors,
government and private-sector funding, and the presence of leading drone manufacturers
like DJI. These factors create an environment conducive to frequent and advanced research.
In contrast, regions with less access to such resources—particularly developing nations—
are underrepresented, not due to a lack of interest but because of limited technological and
financial support. Institutional dominance by research universities and agricultural centres
with access to specialised facilities further amplifies these disparities, reinforcing the need
for a more inclusive, globally distributed research effort.

Amplifying research into underrepresented regions and applications, such as pest and
weed management, would enhance the global relevance of drone technology in turfgrass
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management. Increasing the frequency of drone flights and integrating ground-based
sensors could significantly improve data collection’s precision and real-time nature, par-
ticularly in soil quality assessments, which are critical for managing turfgrass health.
Additionally, cross-institutional collaborations and international funding initiatives could
foster a more inclusive research environment, while policy frameworks that prioritise
sustainability and innovation will be essential in shaping the next phase of drone-assisted
turfgrass monitoring. The integration of Al into drone systems, coupled with multifunc-
tional capabilities, is poised to revolutionise the field, escalating monitoring networks and
enabling real-time, adaptive decision-making that could transform turfgrass management
practices worldwide.

7.2. Current Challenges

After evaluating the collected information, we have identified the following gaps and
challenges in the field of turfgrass monitoring with drones and UAVs:

7.2.1. The Creation of More Studies in Diverse Application Cases and Regions Should
Be Encouraged

On the one hand, the different use cases among studied turfgrass features and prob-
lems (hydric stress, fertilisation, diseases, etc.) have not been homogeneous, and thus, the
obtained data might overrepresent tendencies given by a certain use. There is an urgent
need to increase the number of studies in areas with fewer studies, such as pests, weeds, and
diseases, as well as the effect of biostimulants, phenotyping, and plant establishment. On
the other hand, the polarised distribution of studies, most of which are in the USA, might
introduce a bias in the generated knowledge. The application of drones for the surveillance
of turfgrass in other regions with different climatic characteristics should be encouraged.
Notably, none of the included studies were conducted in the southern hemisphere.

7.2.2. The Number of Flights Must Be Increased in the Studies to Provide Accurate Data

A considerable number of studies provided data on flights that were less than three,
even studies with only one flight. These data do not constitute solid results, particularly
when applied lawn treatments. The physiological turfgrass condition might vary due to
environmental conditions, and more exhaustive data must be generated for its correct
evaluation. It is essential for mixed lawns, where different phytosociological interactions
appear. Moreover, previous weather conditions such as rain, dew or frost greatly affect the
punctual aspect of a lawn.

7.2.3. The Combination of Drones and Ground-Based Sensors Should Be Boosted

While several studies have combined drones and punctual ground-based data, very
few studies have combined the data gathering of drones with ground-based sensors. These
sensors allow for real-time monitoring, which can be an early warning system that triggers
the need to conduct a drone flight. This combination is critical in hydric stress monitoring
since the alteration of soil parameters precedes changes in turfgrass quality.

7.2.4. The Use of Drones Must Be Moved to Real Fields Rather than Test Plots

The application of drones in small regions of research facilities cannot be extrapolated
to the real monitoring of sports and gardening lawns. Thus, in order to have information
about the requirements of drones for real lawn monitoring, which are larger and include
other plant species and urban furniture, more studies are needed. Some of the expected
changes might include the flying height (it will not be possible to fly at low heights due to
obstacles) and increased energy requirements due to larger areas to be evaluated. Moreover,
the results obtained in terms of accuracy and found relations cannot be applied since small
plots are not equivalent to large lawns.
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7.2.5. Fix-Wing Drones Are Significantly Underused Compared with Quadcopters

Most of the studies are using the same type of drone. Even though it might be positive
in terms of comparing the results, the lack of diversity can provoke limitations in the
out-puts and the generation of monopolies. The use of fixed-wing drones is extremely
limited in two studies in the USA. These drones allow higher heights and cover greater
distances in less time, which will be required for real lawn monitoring. Even though their
price is higher, for the future smart cities framework, it should be possible to have this sort
of drone to ensure the correct management of green areas.

7.2.6. Most of the Drones Are Using Cameras with No or Marginal Use of Other Sensors

There is an overwhelming use of cameras with drones. Regardless of whether they are
RGB or multispectral cameras, the diversity of equipment used for information gathering
in the drone is extremely limited. There is only one case in which Crop Circle RapidScanTM
(CS-45 has been used and a few cases in which thermal sensors are equipped. These sensors
can provide valuable information, have a lower cost than specialised cameras, and must
be considered in monitoring plans. In general-purpose monitoring, LiDAR sensors are
a valuable information source that can be combined with images. Nevertheless, in this
case, no use of LIDAR was detected. The LiDar might provide accurate information about
turfgrass heigh and mowing needs or about the presence of ween plants.

7.2.7. Regulation and Economic Barriers Prevent the Extended Use of Drones

The bureaucratic barriers in terms of restricting limitations, required permissions,
and insurance are stopping the use of drones. Moreover, these barriers are different
among countries or even regions, which creates difficulties in standardising processes and
information exchange among scholars. Several counties are waiting for updated regulations
for the small drones and UAVs used in cities to extend their possible applications and even
combine different functions. This fact, together with the cost of the drones, is stopping the
generalisation of this technology compared to satellite remote sensing.

7.2.8. Limitations of the Current Research

In the previous paragraphs, we have highlighted some of the deficiencies and limita-
tions encountered in the current application of drones for turfgrass monitoring. Following
is a general analysis of the limitations of this survey.

Even though the search for this survey has been conducted to avoid any bias regarding
location, publication date, or publication source, after analysing downloaded documents,
we can affirm that different biases in the information have been found. First of all, there is
an extremely high percentage of documents (more than 50%) written by researchers from
the USA. This is a clear limitation in the current research since the particularities of other
countries are not correctly represented. These particularities might be caused by different
problems, climates, regulations, or used plant species. A second limitation in the current
research is the predominant use of multirotor drones. The fact that there is just one case of
fixed-wing drones can have an impact on our conversations since these drones are generally
used to cover larger areas. Thus, the monitorisation of real scenarios characterised by large
dimensions such as public urban gardens and golf courses is marginal in the literature.
These are the cases in which the use of drone technology can provide great advantages, but
they are not well represented in the survey. Most of the included cases are linked to the
experiments conducted in research organisations.

Finally, it is worth mentioning that there are two identified limitations in this survey.
On the one hand, three papers have not been included due to the inability to access their
content. These papers were not published under open access, nor do the authors have a
licence to access them. On the other hand, and for the sake of conciseness, considering the
motivation questions, no bibliographic analyses have been conducted. Thus, co-authorship,
co-citation, or institution analyses have not been performed since the main aim of this
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survey was to clearly identify the current research, current challenges, and future trends in
the use of drones for turfgrass monitoring.

7.3. Future Trends

The expected future trends are based on the identified gaps and existing evolution in
similar technological fields detailed in this subsection.

7.3.1. Integration of Drones with Turfgrass Management Vehicles and Irrigation Equipment

Using drones in turfgrass management can be considered the first level of the drone
technological revolution in turfgrass management. In this initial level, we can identify three
different steps. This evolution could be achieved in the upcoming 5 years on average.

Incorporating drone data in the daily management of lawns will include the integration
of drones with vehicles and equipment. The simplest way of integrating drones is the use of
generated images and spectral indexes by the greenkeepers for the distribution of irrigation
to optimise water efficiency, the application of treatments for minimising phytosanitary
product use, and providing indications to operators of mowers. This can be identified
as the first step in fully integrating drones in turfgrass management. To reach this initial
step, which is currently reached in some regions, it will be necessary to demonstrate the
economic and ecological benefits of the adaptable use of resources to the greenkeepers.
Thus, they will be willing to use the drone’s information in their daily management. The
second necessary action is to ensure access to drone data for the greenkeepers. It can be
achieved by two paths: (i) having more specialised companies that offer drones as a service,
and (ii) having drones and drone pilots on the staff. If drones are integrated with a low
frequency, the first option will have more benefits. Nevertheless, the second option would
be recommended if drone data are planned and actualised periodically.

The second step for integrating drones will be achieved when the information is
directly communicated from the drones to the rest of the vehicles and devices. Thus, it
would be possible for drones to update information in the vehicles with the acquired data
automatically after landing or during the flight. To reach this integration level, regulatory
and technological changes will be necessary. First, a standard for communication machine-
to-machine will be required considering the framework and particularities of this case in
which both machines are moving. This standard needs to ensure that the communication
between the drone and vehicles or devices (irrigation system) can be attained during flight
without modifying the flying velocity of the drone or the vehicle. It can be based on the
existing communication standards of vehicular networks. Several currently published
papers point to drone-to-vehicle communication [133,134], but their application in real
cases is limited and must be boosted. Additional technological need is linked to the effect
of energy consumption of this communication during the drone flight on the drone’s
battery. Thus, communication after landing can be a preliminary step to ensure that
the flying time is not significantly reduced due to communication. Finally, some legal
regulations might be needed to allow autonomous, semiautonomous, or manned terrestrial
vehicles to modify their planned treatment or actions based on data gathered by the drone
without the confirmation of the greenkeeper. This is particularly important in the use of
phytosanitary treatments.

A last step linked to phytosanitary treatments is using drones to remotely apply
phytosanitary products based on GPS position and preexisting maps, which will improve
the efficiency and efficacy of these treatments. As mentioned above, this will require a
change in the existing regulations, which limit the application of phytosanitary treatments
with drones; other experts are pointing to this interesting topic for farm monitoring [135].

7.3.2. Inclusion of Drones with Multiple Functions in Monitoring Networks and GIS for the
Green Areas’ Management

Including drones in the monitoring networks for green areas’ management can be
considered the second level of the drone technological revolution in turfgrass and green
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areas’ management. In this second level, we can identify two different steps. According to
the maturity stage of technology, we can foresee that this level can be achieved over the
next 10 years.

This trend includes two different drone functionalities in the framework of smart cities,
where sensor networks are deployed for continuous monitoring. In this case, the sensors
will be used to monitor green areas using the drones as a mobile node.

On the one hand, drones can communicate with ground-based sensors, facilitating
information exchange, collection, and transmission along the network. It can be considered
the first step in including drones in monitoring networks. This information exchange can
help to communicate with isolated nodes and provide valuable information to be joined
with the drone data about the turfgrass conditions. To reach this future scenario, research
should be focused on the communication technologies and standards that allow informa-
tion exchange between a mobile flying gateway and nodes that are ground-deployed, as
conducted in [136]. Moreover, these heterogeneous networks’ routing and fault-tolerance
algorithms need to be proposed, simulated, and tested. Some proposals can be found in
the literature [137,138], but no real experiences have been conducted yet. As mentioned
above, the impact of this communication on the battery lifetime and the maximum flying
distance must be considered. Thus, research on lighter and more energy-efficient drones
and cameras is necessary, as well as experiences in wireless in-flight charging [139,140].

On the other hand, the drone can be a platform for additional monitoring devices
thanks to the miniaturisation of sensors and the improved drone capabilities in terms of
loading capacity and battery efficiency. This will allow the complete integration of drones in
monitoring networks, which have an active monitoring role beyond mere communication.
Some recent examples propose these systems [141,142]. Thus, the drones will be able to
provide information beyond radiometric data, such as information on atmosphere pollution
and temperature. This sort of heterogeneous network composed of nodes and drones will
also facilitate the integration of diverse data into GIS solutions, which is a groundbreaking
innovation in how drones are used in turfgrass management and how we understand the
role of lawns in urban areas. More research is needed in drone design to integrate multiple
sensors without affecting their flying autonomy to reach this integration level.

7.3.3. Incorporation of Artificial Intelligence (AI) in Multiple Facets of Drone Use in
Turfgrass Monitoring

Incorporating Al in drones for turfgrass management can be considered the third and
last level of the drone technological revolution in green areas’ management. At this last
level, we can identify two general applications. The application of Al in drone management
will lead to an automatization of image acquisition, making the use of drones more flexible.
Thus, the periodicity between the measured data is expected to decrease, providing more
reliable information. Moreover, automating the flights will strongly reduce the image
acquisition costs and might overcome the current economic and bureaucratic barriers.
According to the development of Al in vehicles, this incorporation of automation into daily
life is not expected to be seen in this degree of incorporation of drones for another 15 years.

Possible automatizations might include automatic flying at a specific time after en-
suring that meteorological conditions are favourable. Nevertheless, the revolution might
arrive when Al is joined to the heterogeneous network since it can automatically trigger
a flight, given a certain value in the sensors of the heterogeneous network. The required
research to reach this level of automatization in terms of the integration of data is currently
being undertaken. Nevertheless, research on autonomous flying will require new research
and technological development to ensure autonomous and riskless flying and a legal
framework. Thus, international and national airspace and data privacy regulations and
demonstrations of technology’s safety are crucial. Moreover, the adaptation and integration
of insurance to this new framework and identifying responsibility in the case of damages
must be studied and evaluated in the subsequent years. These issues are currently being
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studied for autonomous terrestrial vehicles [143,144]. Recent surveys have analysed the
state of the art of Al applied for drone control [145,146].

The other facet in which Al can revolutionise turfgrass management with drones is the
automatic processing of images during the flight. This can lead not only to automatically
applying the treatments described above but also to modifying the flight parameters accord-
ing to the results to increase the spatial resolution of certain areas. It might be especially
important where abnormal results are obtained, and a focused study is needed, for exam-
ple, to identify a disease of a weed plant and to define and apply the best treatment. The
possibility of automatically changing the flying height along the surveillance is extremely
practical in order to have a balance between resolution and required energy and time. An
additional possibility of real-time data analysis will include the automatic updating of
irrigation requirements for the sprayers in the green area, which will be in accordance with
the vegetation indexes and expected weather. The required research and legal framework
to reach this revolution are the same as described in the paragraph above.

8. Conclusions

The use of new drones is common in precision agriculture. Nonetheless, their use in
green areas’ monitoring has been marginal compared with other crops. The knowledge
about using drones in turfgrass monitoring is scarce and scattered. Thus, the mission of
this survey is to collect and analyse existing studies in which drones have been used for
turfgrass monitoring.

A thorough examination of the data elucidates a pronounced preference for DJI
drones, particularly the Phantom 4, as the predominant choice among multirotor drones.
Concerning cameras, a discernible inclination exists towards those integrating infrared
capabilities, notably exemplified by the MicaSense RedEdge-M. Predominantly, drones are
enlisted for the assessment of irrigation and the effects of fertilisers on lawns. The majority
of investigations are conducted in sports lawns. The identified gaps and challenges in
turfgrass monitoring with drones and UAVs have covered the following. There is a need
to encourage the creation of more studies across diverse application cases and regions,
particularly focusing on areas with fewer studies, such as pests, weeds, diseases, and
the effects of biostimulants. The number of flights in studies should be increased to
provide more accurate data, particularly in mixed lawns where various phytosociological
interactions occur. Thirdly, the combination of drones with ground-based sensors warrants
promotion. Moreover, applying drones in real field tests rather than test plots is imperative
for a more comprehensive understanding of their requirements.

Finally, future trends include incorporating drone data into daily lawn management.
Furthermore, drones with multiple functions are poised to enhance monitoring networks
in smart cities, revolutionising turfgrass management. Additionally, the integration of Al
promises automated image acquisition, reduced costs, and enhanced data analysis, enabling
real-time updates to irrigation requirements and adaptive flight parameters, marking a
transformative shift in turfgrass monitoring practices.
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