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ABSTRACT
We compared the ability of two legend designs on a soil-landscape map to
efficiently and effectively support map reading tasks with the goal of
better understanding how the design choices affect user performance.
Developing such knowledge is essential to design effective interfaces for
digital earth systems. One of the two legends contained an alphabetical
ordering of categories, while the other used a perceptual grouping
based on the Munsell color space. We tested the two legends for 4 tasks
with 20 experts (in geography-related domains). We analyzed traditional
usability metrics and participants’ eye movements to identify the
possible reasons behind their success and failure in the experimental
tasks. Surprisingly, an overwhelming majority of the participants failed to
arrive at the correct responses for two of the four tasks, irrespective of
the legend design. Furthermore, participants’ prior knowledge of soils
and map interpretation abilities led to interesting performance
differences between the two legend types. We discuss how participant
background might have played a role in performance and why some
tasks were particularly hard to solve despite participants’ relatively high
levels of experience in map reading. Based on our observations, we
caution soil cartographers to be aware of the perceptual complexity of
soil-landscape maps.

ARTICLE HISTORY
Received 23 May 2016
Accepted 5 September 2016

KEYWORDS
Soil-landscape maps; legend
design; visual complexity;
color; empirical study; eye
tracking

1. Introduction

Soil-landscape maps often feature a large number of categories to represent the diversity of land-
scapes and soils within a particular region. Having to represent many categories leads to visually
complex maps that require well-designed legends to support map reading tasks. Because reducing
the number of categories is not an option (given that the goal is to document existing soil types),
it is worthwhile to explore how to best support map reading tasks through effective legend design.

Understanding the effectiveness of fundamental map design elements such as legends is necessary
to support the development of useful and usable digital earth systems that can help users transform
geographic data into actionable information. A complete representation of the Earth, as described in
the original digital earth vision, must include soils knowledge. Soil-landscape maps abstract this
knowledge through complex landscape representations for use in a number of application areas,

© 2016 Informa UK Limited, trading as Taylor & Francis Group

CONTACT Arzu Çöltekin arzu.coltekin@geo.uzh.ch
Supplemental data for this article can be accessed at 10.1080/17538947.2016.1234007

INTERNATIONAL JOURNAL OF DIGITAL EARTH, 2016
http://dx.doi.org/10.1080/17538947.2016.1234007

http://orcid.org/0000-0002-3178-3509
http://orcid.org/0000-0003-0513-3972
http://orcid.org/0000-0001-6548-7970
http://orcid.org/0000-0002-5249-8010
http://orcid.org/0000-0002-0464-0502
http://orcid.org/0000-0002-1328-9830
mailto:arzu.coltekin@geo.uzh.ch
http://dx.doi.org/10.1080/17538947.2016.1234007
http://www.digitalearth-isde.org/
http://english.radi.cas.cn/
http://www.tandfonline.com


for example, for land use planning, energy development, and hazard assessment. Their users need to
be able to interpret and synthesize these complex representations to support decision-making activi-
ties. Therefore, we view soil-landscape maps as important examples of (necessarily) complex visu-
alizations found in digital earth systems, and we believe it is important to evaluate them.

It is well-understood in cartography that, when possible, one should avoid presenting too much
information simultaneously (Slocum et al. 2001). This principle is supported by cognitive theories
such as information overload and working memory capacity (Eppler and Mengis 2004; Hegarty
2011). When visual working memory is stretched to its limits by a demanding task, the brain’s infor-
mation processing system might guide people to get assistance from other cognitive resources for sup-
port, such as verbal memory (Lenneberg 1961). For example, when preparing statistical maps,
cartographers suggest keeping the number of categories to a maximum of five-to-seven (Gilmartin
and Shelton 1989). This ‘five-to-seven’ limit is based on what the visual working memory literature
suggests, that is, what humans can cognitively process at once, as indicated, for example, inMiller’s semi-
nal work ‘Magical number seven, plus or minus two’ (1956, 343). In fact, a recent study even suggests
four is the ‘magical number’ (Cowan 2001). Magic aside, cartographic generalization and level-of-detail
management approaches recommend only displaying relevant information, as far as one can determine
what is relevant (e.g. Çöltekin and Reichenbacher 2011). Another recommended strategy is to group
related elements on the display perceptually and spatially closer together (e.g. Schnürer, Sieber, and
Çöltekin 2015). However, separating relevant information from the irrelevant is not always feasible.
For example, when categories are ‘naturally imposed’, such as in soil-landscape maps, one cannot
simply omit categories. In such cases, all categories are potentially necessary and relevant, as opposed
to the cases where a cartographer can arbitrarily decide how many classes should be represented.

Thus, in this paper we examine a soil-landscape map that features many categories. We designed a
user study, in which 20 participants completed basic map reading tasks. These tasks, while basic,
contain essential operations common in map reading: a visual search and identification of specific
categories, followed by a comparison and association exercise. The operations, ‘locate, identify, com-
pare, and associate’, are considered essential for map reading (Knapp et al. 1995). Because the legend
design is very important for interpreting visually complex maps, we focused on evaluating two
alternative legend designs in our experiment. Specifically, we studied how ‘color-ordered’ categories
(order based on perceptually compared dimensions of hue, lightness, and saturation) compare to
‘alphabetically ordered’ categories in the legend. In the color-ordered legend, we sequenced the
items according to color ordering in the perceptually structured Munsell color space (1905). ‘Munsell
soil color charts’ are routinely used in the field for characterizing soil colors by soil scientists (Esca-
dafal, Girard, and Courault 1988, 1989; Landa 2004; Viscarra Rossel et al. 2006). However, even
though an implicit perceptual ordering might occur in soil map legends where the categories are
based on similarity of soil types (in soil-landscape maps, they might also be grouped according to
broader landscape elements or geology), ordering the legends based on Munsell color space organ-
ization is rare with soil maps. We selected these two methods (alphabetically ordered versus color-
ordered) to order the items in the legend primarily because they might each provide certain percep-
tual and cognitive advantages. Furthermore, alphabetically ordered legends have been traditionally
used in soil maps (although it is important to note that there has been a shift in recent years to cat-
egorical orderings), and the Munsell-based color-ordered legend is a novel design solution.

Based on previous literature, we formulated two competing hypotheses: (1) alphabetical ordering
of categories may allow for a better coupling of visual and verbal working memories (Lenneberg
1961), leading to more effective visual information processing than perceptual ordering; (2) percep-
tually motivated color ordering might restrict the visual search space on the legend and allow for
more efficient visual information processing than the alphabetical ordering. For example, in the
color-ordered legend, if a soil is represented in a shade of green, the viewer would go to where all
green shades are in the legend and, because the search space is restricted, we expect that people
would solve the task more quickly (Verghese 2001). Thus, taking the two legend designs as our inde-
pendent variable, we studied the standard usability metrics of performance effectiveness (accuracy)
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and efficiency (speed) as dependent variables. Furthermore, we studied performance differences
based on task type and participant background (previous knowledge of soils and map interpretation
abilities), as well as how task type and participant background each interact with legend type. We
complemented the study with eye movement analysis to better understand the role of specific design
elements on the display, as well as to interpret our results in terms of strategy differences between
participants.

2. Related work

2.1. Soil mapping

Soil maps and soil-landscape maps are a way of capturing and communicating expert knowledge.
Soil-landscape maps display mapped areas of land with a common suite of soil types and landscape
attributes. Typically, a soil surveyor becomes an expert in a particular region with a unique compo-
sition of landscapes and soil types. The process for creating these maps utilizes both point-based soil
characterization and sampling, together with a conceptual model of soil-landscape relationships
(Nussbaum et al. 2011). These maps depict the scientist’s ‘mental map’ of a region and communicate
the soil characteristics to a broad audience (including researchers, extension and policy staff, and
farmers). Soil-landscape maps are a useful and necessary part of decision-making processes related
to agricultural and natural resources research and management; however, many users seemingly find
it difficult to extract information from specific soil surveys and their resultant maps (e.g. McDonald
1979). Naturally, soil-landscape maps have evolved in terms of legend design since 1979 (i.e. there is
more grouping in the legends based on soil types in modern maps), however, their perceptual com-
plexity is persistent, because they often must represent many categories. Ultimately, the map-reader’s
understanding of the soil classification depends upon how the legend communicates this complexity.
Thus, the legend will determine the legibility of a soil map (Imhof et al. 2008).

A first design issue regarding legends in this context derives from the large number of categories
typically present in soil maps. Having to represent a large number of categories results in an
inability to convey all of the required soil attributes (e.g. geology, landform, dominant soils,
etc.) using a visual symbol alone (e.g. color or texture). Indeed, one research team noted: ‘Colors
are never to be used alone!’ (Sombroek and van de Weg 1980, 8). This difficulty has led soil carto-
graphers to create elaborate legends that include a large range of soil attributes, and map labels that
are associated with particular map symbols. This presents a second design issue: how to organize
information within a legend. Some legend designs make it easier to extract required information
than others. For example, in a study of soil map reading by non-experts, Valentine, Naughton, and
Navai (1981) reported that more than half of their respondents found it challenging to extract the
information they were seeking from soil maps. In particular, Valentine, Naughton, and Navai
(1981) found that complex, connotative map labels were harder for non-experts to work with
than simple labels. In a later study Coulson and Ellehoj (1993) also compared complex, connota-
tive labels (‘open legends’) with simpler labels (‘closed legends’). In this study open legends carried
more information within the labels themselves rather than the legend, ‘essentially reflecting the
map field notes of the surveyor’ (Coulson and Ellehoj 1993, 261), while closed legends move infor-
mation from the label (thus from within the map) to the legend (please refer to the original paper
by Coulson and Ellehoj (1993) for a visual example). Coulson and Ellehoj (1993) found that closed
legends better facilitated the search for information associated with a particular map symbol, and
improved task accuracy and efficiency.

2.2. Legend designs and the use of color

Despite the improvements in map usability derived from choosing a closed legend design, soil maps
remain challenging to read. In addition to the information about multiple soil attributes, it is
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common for a soil-landscape map legend to include dozens of categories using a large range of colors
and/or textures. Thus, a key map reading challenge is finding the desired symbol and its associated
soil attribute information within the legend. The individual symbols in these legends are traditionally
ordered alphabetically or, more recently, thematically (e.g. by soil category). Irrespective of how the
categories are organized in a legend, color is commonly used in thematic maps to represent cat-
egories, including in soil-landscape maps. Brewer (1989) compared multiple approaches for devel-
oping cartographic color schemes and developed a method for translating painted Munsell colors
into ‘printable colors’, using process-color (cyan, magenta, yellow, and black). The fundamental pre-
mise of Brewer’s (1989) work was that perceptually designed color schemes, such as Munsell colors,
are ideal candidates for cartographic design, because they leverage what we know about map readers’
color discrimination abilities. In a perceptually designed color scheme, map readers should be able to
easily differentiate between individual map colors; a task that can be challenging when a map depicts
many different categories. Later, Brewer (1994) proposed a general set of guidelines for designing
thematic map color schemes based on perceptual dimensions, which were eventually implemented
in the online ColorBrewer tool (Harrower and Brewer 2003); widely used by map makers, graphic
designers, and data scientists. In other words, visualization designs based on an understanding of
how we perceive colors have been evaluated in previous studies.

2.3. Evaluating map designs with eye tracking

Eye tracking has been used for a long time in evaluating how people study visual scenes (Yarbus
1967) as well as maps (Brodersen and Andersen 2002). In the last decade, enabled by affordable
and precise technology, we have seen many different uses of eye tracking in evaluating geographic
visualizations, ranging from interface evaluations and studying visual strategies of participant
groups, based on temporal analysis (Çöltekin et al. 2009, 2010), to color perception and discrimin-
ability thresholds (Brychtova and Çöltekin 2015, 2016a), differences in expert/non-expert behavior
(Çöltekin, Fabrikant, and Lacayo 2010; Ooms, De Maeyer, and Fack 2013), how environmental
information is transmitted via text and animation (Russo et al. 2014), or to understanding how
different visual highlighting mechanisms (including color) work in multiple-view displays (Griffin
and Robinson 2015). Eye tracking data allow analysis of where participants look: what they see
and what they do not; how long they search for something and how often they look at a design fea-
ture, and in which order they study the design elements within a display. This allows inferring some
of the cognitive processes that might be taking place as the participants work with maps (Li, Çöltekin,
and Kraak 2010). In this study, participants’ attention is necessarily split between the map and the
legend. Eye tracking enables us to assess the time spent studying each, and can help tease apart the
number of transitions between the map and the legend with the two legend designs. If an interaction
design goal is to reduce the number of transitions to improve efficiency, we can observe this only
through eye tracking.

3. Methods

Our goal was to evaluate the extent to which ordering legend items in a soil-landscape map by cat-
egory name (alphabetically ordered) or category color (color-ordered) has an impact on the effective-
ness (i.e. accuracy) and efficiency (i.e. speed of successful task completion) of participants in typical
soil-landscape map reading tasks. To conduct our evaluation, we developed an empirical experiment
in which we utilized standard usability metrics as well as eye tracking.

3.1. Experiment design

Our independent variable was the legend design: one soil-landscape map with two alternative legend
designs (color-ordered versus alphabetically ordered). We further explored the effects of the tasks and
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participant background as experimental factors. We used an existing map with an alphabetically
ordered legend as a baseline (Figure 1), and, because color-ordered designs based on Munsell
color organization are uncommon, we redesigned the legend of this map according to the Munsell
color space (Figure 2).

We developed four tasks requiring the use of the map legend that included Knapp et al.’s (1995)
primary (visual) operators locate, identify, associate, and compare. The precise wording of the tasks
can be seen in Table 1. We used a within-subjects experimental design, meaning that each participant
completed all four tasks for each of the legend designs. We recorded accuracy (number of correct
responses), speed (task completion times), which legend design the participants preferred, and eye
movements, as our dependent variables.

3.2. Materials

We used a TobiiTM X60 eye tracker with a built-in infrared sensor at the base of a 24′′ monitor
(1920 × 1200 pixels), with a constant color calibration through the experiment. The X60 samples
eye movements at 60 Hz, and records the screen as well as a webcam video to support multiple
types of post hoc analysis. We selected the visual stimulus from the soil-landscape maps available
in the Victorian Resources Online (VRO) website (http://www.depi.vic.gov.au/vro), which has
been the principal means for accessing information about landforms and soils in Victoria since
1997 (Imhof et al. 2011, 2012). We selected the map of the Maffra region, originally developed
by Sargeant and Imhof (2000), as an example of a complex soil-landscape map on the website
(Figure 1).

The Maffra region map was one of the earliest soil-landscape maps to be developed specifically for
the VRO website and has remained unchanged since 2002. The map legend displays map units (cat-
egories), most named after localities in the region, in alphabetical order (Avon to Wooundellah),
together with the dominant geology, landform, and soil type/s. Colors were based on web-safe
options and were designed to represent broad landform categories, with darker brown colors indi-
cating areas of higher relief (i.e. hills), and green colors indicating various riverine landscapes, etc.
The original map is interactive, and the map legend is clickable via the map unit name to link to
descriptions of the landscape and soil in each map unit. However, in the experiment, static screen-
shots were used for better experimental control, that is, to ensure all participants worked with iden-
tical information without possible interference from zoom and pan operations, or from varying
interactive behavior.

The original layout was a portrait orientation, with a very large legend that covered more than half
of the page. To maximize the size of the map on the display we used, and best match our eye tracking
hardware parameters, we switched to a landscape layout and repositioned the legend. Figure 1 shows
the modified layout of the original map. This map was also adjusted to ensure the legend and other
map elements were fully readable with the monitor we used. We developed the alternative color-
ordered legend and organized the categories by hue and saturation, according to the Munsell
color system (1905). Figure 2 shows the color-ordered legend layout.

Figure 3 shows a ‘zoomed-in’ version of both the alphabetically ordered (left) and color-ordered
(right) legend designs. We did not modify the colors in the color-ordered legend, but simply re-
ordered them to match as closely as possible the order in which they would occur in the Munsell
Color System. As can be seen in Figure 3 (left), the alphabetically ordered legend design has some
perceptually similar colors close together, while others are far apart. The grouping on Figure 3
(right) could potentially allow for easier matching between the legend and the map, or may have
the opposite effect if the colors displayed close to each other are too similar. We studied whether
the colors were too similar using the color metric ΔE, which yielded no ‘red flags’ (ΔE > 10) in all
comparisons (Brychtova and Çöltekin 2015, 2016a, 2016b). Thus, we hypothesized that the
perceptual grouping would be more likely to be helpful rather than harmful.
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Figure 1. Layout of the Maffra region soil-landscape map with the alphabetically ordered legend. See Figure 3 (left) for a close-up of the color organization. Colour images can be viewed online at www.
tandfonline.com/doi/full/10.1080/17538947.2016.1234007
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Figure 2. Layout of the Maffra region soil-landscape map redesigned with a color-ordered legend. See Figure 3 (right) for a close-up of the color organization. Colour images can be viewed online at
www.tandfonline.com/doi/full/10.1080/17538947.2016.1234007
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Table 1. Experimental tasks, correct answers and their underlying visual operators.

Question Answer Visual operator
Expected eye
movements

Q1 How many different individual classes (map units)
does the Princes Highway traverse?

10 Search, identify,
associate

Map→maybe legend

Q2 What are the dominant soils that occur in the
settlement of Briagolong?

Sodic Red Dermosols/
Sodosols

Search, identify,
associate

Map→legend, last
column

Q3 Name the settlement that is located in the same type
soil as Valencia Creek.

Stratford Search, identify,
compare

Map→legend→map

Q4 Which soil type covers a greater area, Sand or
Seaton?

Seaton Search, identify,
compare

Legend→map

Figure 3. Left: the alphabetically ordered legend from the original Maffra Soils Map. Right: the redesigned color-ordered legend
based on Munsell color system. Colour images can be viewed online at www.tandfonline.com/doi/full/10.1080/17538947.2016.
1234007

8 A. ÇÖLTEKIN ET AL.

http://www.tandfonline.com/doi/full/10.1080/17538947.2016.1234007
http://www.tandfonline.com/doi/full/10.1080/17538947.2016.1234007


3.3. Participants

We recruited 20 participants (9 females, 10 males, 1 who did not identify their gender, age range: 26–
45) from a geovisual analytics workshop held in conjunction with a meeting of the International
Society for Photogrammetry and Remote Sensing (ISPRS) in Melbourne, Australia. We deliberately
sought out a participant pool that had substantial map reading/interpretation expertise as the exper-
iment uses a specialized map type. 90% of participants strongly agreed with the statement ‘I’m com-
fortable with maps’. However, for ability to interpret soil maps only 20% marked ‘high’, 45% ‘partial’,
and 30% ‘none’. Knowledge about soils was self-reported somewhat similarly: 25% marked ‘expert’,
35% ‘partial’, 40% ‘none’. Note that ‘soils knowledge’ could be limited, for example, to soil chemistry,
which does not necessarily mean that they are familiar with soil-landscape mapping or are used to
reading this type of map. No participants had impaired color vision.

3.4. Procedure

After an introduction, the eye tracker was calibrated for each participant. Then, participants com-
pleted the tasks, and rated their confidence using a five-point Likert scale. We randomized the
stimuli and questions to avoid order effects. After the experiment, participants marked their prefer-
ence for the two legend designs, filled out a demographic questionnaire, and completed an Ishihara
color vision test (Clark 1924).

4. Results

We first report the overall performance of participants (accuracy and response time) with the two
legend designs, then, their performance by task and their expertise levels. Following this, we report
the interactions between the studied factors, and offer insights gathered from the eye movement ana-
lyses. Because of a technical glitch, the confidence data were not recorded in a usable format for all
participants, and is therefore not reported in this paper. The confidence data were intended help us
explore potential differences between more and less confident responses, but confidence was not the
primary focus of our work.

4.1. Legend design

Overall accuracy for both legend designs was surprisingly low: the alphabetically ordered design
yielded 55% success, and the color-ordered design 53.75% (Figure 4). A chi-square test revealed
no statistically significant difference in accuracy based on the two legend designs (χ2 = 0.101, df =
1, p = .75, Figure 4 left). Similarly, we observed no statistically significant differences in participants’
overall response times with either legend design (t = 0.23, p = .82, Figure 4 right).

Participants’ preference between two legend designs was evenly split: 50% preferred the alphabe-
tically ordered legend and 50% the color-ordered.

4.2. Tasks

While legend design did not influence participants’ overall performance or preference, we found sub-
stantial disparities in terms of performance between experimental tasks (Figure 5 left), ranging from
17.5% (Q2) to 87.5% accuracy (Q4). A chi-square test confirmed that the differences in accuracy are
statistically significant (χ2 = 127.67, df = 3, p < .01) for task types. A pairwise comparison showed that
the differences were significant between all tasks except Q3–Q4 (Q1–Q2 χ2 = 4.94, df = 1, p = .02;
Q1–Q3 χ2 = 10.02, df = 1, p < .01; Q1–Q4 χ2 = 19.53, df = 1, p < .01; Q2–Q3 χ2 = 26.59, df = 1,
p < .01; Q2–Q4 χ2 = 39.29, df = 1, p < .01, Q3–Q4 χ2 = 2.05, df = 1, p = .15). Task-wise response
times also differed (F = 2.71, df = 3, p = .047, Figure 5 right) and confirm that Q2 was difficult:
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not only did participants have the lowest accuracy with this task, but they also used more time for Q2
than for the other tasks. Pairwise comparisons confirmed significant response time differences
between Q1–Q2 (t = 2.46, p = .02) and Q1–Q3 (t = 2.13, p = .04).

4.3. Previous knowledge and experience

Our participant group included five participants with expert knowledge about soils, six with partial,
and eight with no previous knowledge. The groups’ overall performance differences suggest an

Figure 5. Participants’ accuracy (left) and response times (right) on individual tasks (across both legend designs). Error bars: ±2SEM.
*p≤ .05, **p < .01.

Figure 4. Participants’ overall accuracy (left) and response times (right) per legend design. Error bars: ±2SEM.
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advantage for those who declared themselves to be experts (Figure 6 left, accuracy; right, response
time). A chi-square test revealed dependence between the level of expertise and overall accuracy
(χ2 = 24.2, df = 2, p < .01). Expert participants (75% accuracy) obtained better results than those
with no previous knowledge (48.4% accuracy, χ2 = 7.2, df = 1, p = .01) or partial knowledge
(47.9%, χ2 = 6.7, df = 1, p = .01), and we observed no differences between participants with no or par-
tial previous knowledge of soils (X = 0.003 df = 1, p = .96) (Figure 6, left). Response time analysis did
not yield any statistically significant differences between participant groups (F = 1.16, df = 2,
p = .327). However, it is noteworthy that the average response time steadily decreases with increasing
knowledge (Figure 6, right).

Similarly, we analyzed accuracy and response times based on participants’ self-declared ‘ability to
interpret soil maps’ (Figure 7, left, accuracy; right, response time). In this case, four participants
reported that they had no ability to interpret soil maps, nine were in the middle and six rated
their ability as ‘high’ (one participant did not mark an answer). The results confirmed the findings
from the ‘previous soils knowledge’ analysis reported above, showing clearer differences, both in
accuracy and in response time, and therefore indicating that the self-assessed ability to interpret
soil maps was reflected in actual performance.

A chi-square test confirmed that soil map reading abilities had an effect on the overall accuracy
(χ2 = 38.8, df = 2, p < .01). Those with the highest soil map reading abilities achieved the highest
accuracy (65% correct). Confirming this, response times decrease as self-reported soil map reading
abilities increase (F = 4.31, df = 2, p = .015). Pairwise comparisons revealed statistically significant
differences between the none and high-ability groups (t =−2.87, df = 64.7, p < .01), as well as partial-
and high-ability groups (t =−2.15, df = 57.81, p = .03), while the partial- and high-ability groups did
not differ.

4.4. Interactions

To better understand these differences in performance, we examined the interactions between the
studied factors (tasks, previous knowledge, and ability to interpret soil maps) in relation to legend
design, our primary independent variable.

Figure 6. Participants’ accuracy based on their soils expertise levels (left), response times (right). Error bars: ±2SEM. **p < .01.
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4.5. Tasks and legend design do not interact

We analyzed the accuracy and response time measurements to understand if they were affected by
the tasks in relation to legend design. A chi-square test revealed that accuracy was not influenced
by task per legend design (Task 1: χ2 = 0.41, df = 1, p = .52; Task 2: χ2 = 0.17, df = 1, p = .68; Task
3: χ2 = 0.00, df = 1, p = 1.00; Task 4: χ2 = 0.22, df = 1, p = .63). Similarly, we observed no interaction
between the legend designs and tasks, based on response time (Task 1: t = 0.87, p = .34; Task 2:
t = 0.85, p = .40; Task 3: t =−0.73, p = .48; Task 4: t =−0.58, p = .56).

4.6. Previous knowledge and legend design do not interact

Next, we studied the interactions between self-declared soil knowledge and legend design. Descrip-
tive statistics suggested that participants with no previous knowledge of soils were more successful
with the color-ordered design than the alphabetically ordered, while the participants with partial and
expert knowledge were more successful with the alphabetically ordered design (Figure 8).

However, neither the differences in accuracy (none: χ2 = 1.56, df = 1, p = .21; partial: χ2 = 2.08,
df = 1, p = .14, expert: χ2 = 0.53, df = 1, p = .46), nor in response times (none: t = 0.22, df = 31,
p = .82; partial: t = -0.74, p = .46; expert: t = 0.54, df = 1, p = .59) were statistically significant.

4.7. Soil map interpretation ability and legend design interact

Analyzing the interactions between the legend design and self-declared ability to interpret soil maps
suggests an advantage for participants with strong abilities in interpreting soil maps in using the
alphabetically ordered legend (Figure 9).

A chi-square test revealed that the influence of legend design on accuracy based on the self-
declared soil map interpretation abilities of participants was not statistically significant (high: χ2

= 3.20, df = 1, p = .07; medium: χ2 = 0.51, df = 1, p = .47; no: χ2 = 0.12, df = 1, p = .71). The descriptive
pattern suggests that the high-ability group did better with the alphabetically ordered legend, in com-
parison to the other two groups. The response times analysis showed a stronger difference:

Figure 7. Participants’ accuracy based on their self-assessed ‘ability to interpret soil maps’. A consistent climb in accuracy and
decrease in response times suggests a clear pattern for how map interpretation abilities affect performance. Error bars: ±2SEM.
*p≤ .05, **p < .01.
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participants with high soil map interpretation skills were faster with the alphabetically-ordered
design (t =−2.58, df = 23, p = .01), while the two other groups’ response times were not influenced
by legend design (no: t = 0.34, df = 15, p = .73; medium: t = 1.60, df = 35, p = .11).

4.8. Eye movement analysis

To better understand the differences in the success between participant groups, we studied their eye
movements through (1) the transitions between the map and the legend, (2) an area of interest (AOI)
analysis for the utilization of color versus text in the legend, and (3) a qualitative analysis of the eye
movement recordings to gain insight into their map-use strategies.

Figure 9. Interactions between self-assessed abilities when interpreting soil maps and legend design. Error bars ±2SEM. *p≤ .05.

Figure 8. Interactions between self-assessed soils knowledge and legend design in terms of participants’ accuracy (left) and
response times (right). Error bars: ±2SEM.
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4.9. Transitions

We compared the number of times participants switched their gaze between the map and the legend,
and grouped this based on ‘ability to interpret soil maps’. Confirming our previous analyses, the
transition analysis revealed that participants with high map interpretation abilities went back and
forth between the map and legend considerably fewer times with the alphabetically ordered legend
(on average 5.3 transitions for the color-ordered, 3.0 for the alphabetically ordered), while it made no
difference for the other groups. Figure 10 shows the differences in the number of transitions between
the studied groups.

A closer look at the transition analysis at the task level revealed that this difference occurred
mostly during Q3, in which the task requires switching the gaze between map→egend→map, as
opposed to the others where there is only map→legend or legend→map (Table 1).

4.10. Legend AOIs

Because the participants with greater soils knowledge and soil map interpretation abilities did better
overall with the alphabetically ordered legend, in a post-hoc hypothesis, we speculated that they
might be able to recognize the codes used for unit names on the maps, and thus may have had
less reliance on colors. Even though recognizing these codes does not necessarily require expert
knowledge, familiarity could have made it easier. To test this, we defined two AOIs: around color
patches in the legend (color) and around the text in the legend (text) (Figure 11).

The sums of fixation durations (dwell times) over the color/text AOIs revealed that the dwell
times of ‘none’ and ‘partial’ groups did not differ, while ‘high’ group spent more time looking at
the color AOI in the color-ordered legend than in the alphabetically ordered legend (t =−2.51, df
= 23, p = .01, mean of differences −1.32 s), confirming our expectations (Figure 12).

Even though we did not observe statistically significant differences in other pairwise comparisons,
we find the pattern in Figure 12 noteworthy: no/partial ability groups performed better with the
color-ordered design (dwelling more on the color AOI), while the opposite is true for the high-ability
group, confirming the findings with the standard performance metrics (e.g. as presented in Figure 8).

4.11. Scanpaths and gaze densities

Eye movement recordings can provide qualitative insights into participant strategies. Thus, we ‘eye-
balled’ the successful and less-successful participants’ gaze trajectories (scanpaths). Figure 13, as an

Figure 10. Average number of gaze transitions between the map and the legend per visualization type, based on ‘ability to inter-
pret soil maps, averaged by number of participants and tasks.
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Figure 11. The two AOIs in the legend (color versus text).

Figure 12. Dwell times of participant groups on color (left) and text (right) AOIs in the legend. All groups spent more time looking
at the text; however, dwell times go down for both the color AOI and text AOI for the no-ability group from alphabetically ordered
to color-ordered, while this is the opposite for the high-ability group. Error bars: ±2SEM. *p≤ .05.
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illustrative example, shows the scanpaths of the best-performing participant (a partial expert), and
the worst (a non-expert) for the alphabetically-ordered legend design in terms of response accuracy.
The best performer is clearly less hesitant in all cases, and we can see that she or he relies on previous
knowledge.

In addition to the individual gaze plots, we studied the gaze densities (‘heatmaps’) of the partici-
pant groups based on their ability to interpret soil maps. Figures 14 and 15 show the gaze densities of
the high- and no-ability groups for the hardest and easiest questions, respectively.

Figure 13. The scanpaths of the best-performing participant and the worst-performing participant (presented only on the alpha-
betically ordered design as an illustrative example).
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Average gaze behavior of the high- and no-ability groups clearly differs with the alphabetically
ordered design in both cases, showing a more deliberate visual behavior for the expert participants.
With the harder question (Figure 14), we see that experts search less with the alphabetically ordered
design. With the easier question, experts appear to search more on the legend, and read the text more
than the non-experts. For the color-ordered legend, the pattern looks similar between experts and
non-experts. Gaze densities overall suggest that experts apply concrete strategies with the alphabe-
tically ordered design while the non-experts somewhat randomly search for the information; while
with the color-ordered legend, the two groups both have to simply search.

Figure 14. Gaze density maps for the hardest question (Q2) for the two groups.

Figure 15. Gaze density maps for the easiest question (Q4) for the two groups.
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5. Discussion

We conducted this study to understand the role of legend design on the perceptual complexity of
soil-landscape maps. With such maps, the number of represented categories cannot be reduced to
the cartographically recommended 5–7, because the categories are naturally imposed. In such
cases, legend design can play an especially important role in map legibility. We hypothesized that
alphabetically-ordered legends could lead to more effective map reading through verbal associations
(Lenneberg 1961), while color-ordered legends could allow for more efficient visual search as they
would restrict the search space (Verghese 2001). Below we discuss the nuanced findings in this
study, and implications of design for human performance with soil-landscape maps.

5.1. Expertise and the legend design: for whom does the design work?

We observed no overall differences in performance between the two legend types (Figure 4),
suggesting, at first, that the two designs could be arbitrarily exchanged. However, a closer look
revealed that this was not true for all audiences: experts (we use the term ‘expert’ both for ‘expert
soils knowledge’, and ‘high soil map interpretation abilities’ in this section) did better than non-
experts overall (Figures 6 and 7), and particularly with the alphabetically ordered design (Figures
8 and 9). On the other hand, non-experts did better than experts with the color-ordered design,
especially in terms of efficiency (Figure 9). This is remarkable, given that the overall success rates
were clearly in favor of the experts (Figures 6 and 7), because it suggests that the experts did really
badly with the new, color-ordered design. This could be because the experts are well conversant with
(and conditioned by) the alphabetically ordered design. These findings are in line with previous
research that demonstrates the performance and strategy differences between experts and non-
experts in spatial tasks (e.g. Çöltekin, Fabrikant, and Lacayo 2010; Ooms, De Maeyer, and Fack
2013). Our results confirm previous findings also in the case of soil-landscape maps, reassuring
for the internal validity of the study, as well as the potential generalizability of the results. Moreover,
our findings regarding expertise are consistent over various analyses, for example, we see the same
pattern in performance metrics as well as in the eye movement analysis. The fact that non-experts
benefitted from the color-ordered legend more than experts is also supported by previously pub-
lished results, that is, inexperienced users are guided by design, while experienced users might
have established strategies (Çöltekin, Fabrikant, and Lacayo 2010). In this case, it appears that the
non-experts were guided by color and made use of the perceptual organization (Figure 12). On
the other hand, the experts struggled as the new design did not use the design convention to
which they were accustomed (i.e. alphabetically ordered soil maps are common; Figure 10). We
believe that experts might have benefitted from having recognized the codes used on the map in
the alphabetically-ordered design, thus ignoring colors entirely in some cases and going straight
to the verbal information. This is evident in the eye movement recordings (Figure 13), and is similar
to the findings of Valentine, Naughton, and Navai (1981) and Coulson and Ellehoj (1993). Another
interesting observation regarding the expertise levels in this study is that ‘partial’ knowledge or abil-
ities did not provide much effect: Participants who marked their knowledge and abilities ‘partial’
might be overestimating their knowledge, or these findings might be suggestive of a ‘threshold effect’
(i.e. a sufficient level of expertise is needed to effectively use the relevant knowledge in interpreting
soil-landscape maps).

These performance differences between experts and non-experts provide additional evidence to
support the commonly expressed statement ‘the designer is not the user’. It is important to remem-
ber that those who design are often experts (Richter, Tomko, and Çöltekin 2015). In our case, a map
legend designed by soil experts was accessible to other expert users, but not necessarily to non-
experts (even if they were experts in geography-related domains). Even seemingly subtle design
decisions, such as re-ordering the items in the legend, might have consequences for performance,
especially for some user groups. Another related and interesting point to consider is that while we
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grouped ‘soils knowledge’ and ‘ability to interpret soil maps’ into one group in the Discussion section
for convenience (‘experts’), we see a stronger difference based on map interpretation ability on all
discussed accounts. Soils knowledge suggested an advantage too, but the ability to interpret soil
maps appears to be a stronger moderator of overall success and the division in performance
based on legend types. Thus, we see that maps could be designed differently for beginners or novices,
with perceptually optimized designs. Specifically, our results suggest that Munsell organization of
colors has opposite effects on experts and non-experts. Further experimentation is worthwhile to
validate the impact of the visual variable position in connection with the perceptual grouping of col-
ors in legends designed for visually complex maps.

5.2. Hard tasks, harder tasks: the relevance of design

At the task level, the first striking result is that the overall accuracy levels are very low, regardless of
the legend design. This was especially pronounced for two of the four tasks (Figure 5). Why could
this be so? Our participants were professionals in geography-related domains (90% said they were
comfortable with maps); we left the codes on the map, yet they are clearly failing in tasks that are
essentially basic map reading tasks requiring perceptual interpretation and not high levels of soils
knowledge per se. A similar result has been shown in earlier work by Valentine, Naughton, and
Navai (1981), where more than half of the participants had difficulties with the soil maps (in that
case, non-experts). We believe these results provide empirical evidence for the perceptual complexity
of soil-landscape maps.

However, the accuracy is not low in all cases, which might be explained by task type (Table 1). The
two harder tasks (Q1 and Q2) are ‘association’ tasks (Knapp et al. 1995). The problems participants
experienced with Q2 were especially severe (82.5% failure). We believe this is linked to a design pro-
blem that makes the association of the color and related text difficult: the text is too far from the
referring color, thus legend does not facilitate solving the task with the necessary precision. It has
been previously demonstrated that the gap between map elements can matter for perceptual tasks
(Brychtová and Çöltekin 2016b). A reorganization of the legend with better visual hierarchy, or
well-designed dynamic highlighting, could solve this problem. On the other hand, the low success
rates with Q1 (63.5% failure) is likely explained by working memory capacity; that is, Miller’s
(1956) ‘magical number seven’ or Cowan’s (2001) ‘magical number four’ might be relevant here.
This task required discriminating 10 colors/categories, and even if it was simply counting them, par-
ticipants struggled (counting some twice, or skipping one). This clearly demonstrates the perceptual
complexity of maps that represent many categories.

Participants fared better with the other two tasks (Q3 and Q4), which are both ‘comparison’ tasks
(Knapp et al. 1995), and importantly, with only two items to compare. Thus, these were easier than
association tasks in this context. Q3 yielded a significantly better score (25% failure) than the
previous two (Q1 and Q2). With Q3, mistakes were caused by two shades of red color that were
somewhat similar. As suggested by Brychtova and Çöltekin (2016a), we checked the color distance
between these two shades and found it was ΔE00 = 15.2. Brychtova and Çöltekin (2016a) demon-
strated that ΔE00 > 10 was a ‘large enough’ difference; however, their study featured ‘fictional’
thematic maps with seven categories. Thus, for perceptually complex maps with many categories,
the color distance should possibly be applied even more conservatively. Q4 was the easiest task
(12.5% failure), where participants compared two relatively large areas without too much difficulty.

We derive two general observations from the differences at the task level: (1) we need to think
through what the maps are going to be used for (‘map purpose’); (2) and when conducting
experiments, we need to design the tasks carefully. Conducting tests with a single task type might
compromise the interpretation of the results (i.e. one can say ‘the map is hard to read’ but the
truth would be ‘the map is hard to read for x’). A task taxonomy, specific for the purpose of the
map type, is worth considering for systematic testing (Rautenbach, Coetzee, and Çöltekin 2016).
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Finally, we note potential limitations in our work that could be explored in future research. First,
one could argue that the sample population size of 20 participants may not be large enough. It is
quite difficult to recruit a large number of people with expertise in geovisualization and/or soil map-
ping, but this is an area of potential future focus nonetheless. Seeking participants from different geo-
graphic regions would also be beneficial (ours were all from the same region). We might also query
expertise with specific legend types in soil maps as part of participant recruiting efforts to support
deeper comparisons. In connection to the issue of sample size, we acknowledge that the sub-groups
are very small, however all of our descriptive statistics reveal similar patterns, thus we think the
internal consistency of the results are robust. Furthermore, it is also important to note that we
have checked for speed-accuracy trade-off and we found that participants who responded more
accurately were also faster, further confirming our observations. Thus despite the limitations regard-
ing the sample size, we believe we provide many interesting first insights regarding the perceptual
complexity of soil maps, and associated user behavior based on expertise.

6. Conclusions and outlook

With this study, we have provided empirical evidence that soil-landscape maps indeed are percep-
tually complex (based on the very low overall success rates). Furthermore, we contribute to the exist-
ing body of knowledge that changes in design, even those as subtle as reordering a legend, could have
a different impact on different audiences. Understanding the implications of design on human per-
formance is a necessary (albeit complicated) endeavor (Çöltekin, Pettit, and Wu 2015). With this
study, we demonstrated that a perceptually driven design might be helpful for novice users, and
the experts might be strongly conditioned to follow conventions to which they were accustomed.
Awareness of such differences is important, as we might resist the idea of change based on introspec-
tion (i.e. ‘if it works for me, it works for everyone’, or ‘if this change is frustrating for me, it should be
for all’). While introspection can be a powerful tool, what works for us might not work for others,
even for other experts in related domains (i.e. geographers versus soil scientists). It is also important
to remember that perceptual/visual complexity has many dimensions. The purpose clearly matters
and should be kept in mind when creating and using soil maps.

We believe that there are various ways to address the perceptual complexity of soil-landscape
maps. Naturally, further testing to establish the findings for a larger audience, and with more
maps, would strengthen these findings. Perhaps as an immediate next step, testing legends that
feature perceptually grouped soil-landscape types would also allow us to better understand the
interaction between perceptual and cognitive processes during soil map reading. Additional legend
types should also be explored, including those that use alternative strategies for ordering, grouping,
and color arrangement. Most of all, a visual highlighting mechanism could be helpful for interac-
tive digital soil mapping in digital earth applications. Based on this study, and analysis of the
related literature, we believe a real time gaze- and/or mouse-based highlighting approach would
be worth considering. While such a system is limited in its use for printed maps, it could be con-
ceived for digital earth applications. Thus we intend to implement such a system and test it as a
next step to better enable future digital earth applications to preserve and provide proper access
to information on soils.
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