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Abstract

• Flowers are intricate and integrated three-dimensional structures predominantly studied in 2D due

to the difficulty in quantitatively characterising their morphology in 3D. Given the recent develop-

ment of analytical methods for high-dimensional data, the reconstruction of flower models in three

dimensions represents the limiting factor to studying flowers in 3D.

• We developed a floral photogrammetry protocol to reconstruct 3D models of flowers based on images

taken with a digital single-lens reflex camera, a turntable and a portable lightbox.

• We demonstrate that photogrammetry allows a rapid and accurate reconstruction of 3D models of

flowers from 2D images. It can reconstruct all visible parts of flowers and has the advantage of keep-

ing colour information. We illustrated its use by studying the shape and colour of 18 Gesneriaceae

species.

• Photogrammetry is an affordable alternative to micro-computed tomography (microCT) that re-

quires minimal investment and equipment, allowing it to be used directly in the field. It has the

potential to stimulate research on the evolution and ecology of flowers by providing a simple way to

access three-dimensional morphological data from a variety of flower types.

Keywords— Comparative morphology, Flower colour, Floral shape, Geometric morphometrics, Ultra close-range

photogrammetry, Three-dimensional flower models
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1 Introduction

Flower shape, size and colour in
uence the attraction of pollinators, the way pollinators access 
oral rewards, and2

contingently the exchange of pollen between anthers and stigmas (Faegri and Van Der Pijl, 1979; Fenster et al., 2004;

Willmer, 2011). Flower shape is also important in wind-pollinated species (anemophily) as it in
uences interactions4

with air 
ows and so determines e�cient pollen release, dispersal and capture (Timerman and Barrett, 2019). Because


owers are three-dimensional structures that interact with a three-dimensional biotic and abiotic environment for6

conspeci�c exchange of pollen, characterising 
ower shape and colour in 3D is important to promote a comprehensive

understanding of 
ower development and the role of 
ower shape in the ecology and evolution of species.8

Only recently has it become feasible to study the variation of 
ower shape in three dimensions (3D) due to the

development of methods to build 3D 
ower models. The �rst reconstruction of 
owers in 3D used micro-computed10

tomography (microCT, or HRCT for high-resolution CT) to acquire and visually render digital three-dimensional

shape data of both surfaces and internal structures (Stuppy et al., 2003). MicroCT helps to visualise minute plant12

structures and to study their external 3D morphology and internal structures qualitatively and quantitatively. The

characterisation and comparison of these 3D 
ower models using geometric morphometrics (Rohlf and Marcus, 1993)14

has opened a vast array of possibilities for the study of 
owers in 3D, which was deemed to represent a \revolution"

for the study of 
owers (van der Niet et al., 2010). Though other 3D modelling techniques are available such as16

laser-scanning and structured light that record surfaces, microCT scanning remains the most common 3D digitization

technique applied to plant specimens (Mathys et al., 2013; Davies et al., 2017).18

Despite the fact that several studies recently used 3D 
owers models (Gamisch et al., 2013; Wang et al., 2015;

Dellinger et al., 2019; Hsu et al., 2020; Reich et al., 2020; Artuso et al., 2021, 2022), the widespread analysis of 3D20


owers has not occurred. Geometric morphometrics studies of 
owers in 3D are still limited compared to the mass of

literature in the �elds of anthropology, zoology and paleontology. This could be due in part to the di�culties of using22

microCT on the soft tissues of 
owers, even though solutions for optimising HRCT scanning of 
owers have been

proposed (e.g., Staedler et al., 2013; Dellinger et al., 2019). In addition, and perhaps more importantly, the high cost24

of microCT techniques (Mathys et al., 2013) contributes to reducing their accessibility. Lastly, the fact that 
ower

colour is lost when reconstructing 3D models using X-ray scanning technologies (Mathys et al., 2013) limits the use26

of this technique for studies interested in colour or colour patterns.

Recently, research based on 3D imagery has evolved rapidly and has received considerable attention (e.g., Katz and28

Friess, 2014; Cunli�e et al., 2016; Evin et al., 2016; Str•obel et al., 2018; Christiansen et al., 2019; Giacomini et al., 2019;

Florey and Moore, 2019; Iglhaut et al., 2019; Medina et al., 2020). A 3D technique of interest is photogrammetry (or30

structure from motion), which uses a collection of digital images to reconstruct a 3D model (see Linder, 2009; Luhmann

et al., 2013). Photogrammetry was originally used to reconstruct models of landscapes, buildings or large objects, but32

it can also be used for medium (close-range photogrammetry) or small objects (ultra-close-range photogrammetry).

In short, photogrammetry begins by taking pictures of an object from all angles, ensuring that all aspects of the34

object are present in several overlapping photos. The sets of photos are then aligned using the relative position of

homologous points in the overlapping pictures in a 3D space, and picture information is then used to reconstruct a 3D36

model with colour (see Floral photogrammetry protocol and Fig. 1 for more detailed information). Although used in

many �elds of biological sciences, photogrammetry has not yet been applied to the study of 
owers.38

The objective of this study is to demonstrate the potential of photogrammetry to reconstruct 3D models of 
owers

to facilitate studies of 
oral shape and colour. We describe an a�ordable and portable photogrammetric setup that40

could be used in the �eld, and outline a detailed protocol for reconstructing 3D photographic models of 
owers of

various shapes, colours and sizes. To illustrate the approach, we present an example of application in the study of the42

shape and colour of 
owers from species of the Gesneriaceae.
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2 Floral photogrammetry protocol44

Here, we provide a summary of the photogrammetry protocol we developed. The full protocol is available from Github

(https://github.com/plantevolution/photogrammetry-protocol ) and details of the source and costs of materials,46

tools and software are provided as Supporting Information (Table S1). Speci�c terms in photography, 3D modelling

and geometric morphometrics are de�ned in the glossary (Box 1). Our objective is not to provide a unique and �nal48

protocol, but to provide guidelines for users to employ photogrammetry to 3D model 
owers and guide them on how

to adapt this approach for their own system.50

2.1 Image acquisition

The �rst step of photogrammetry involves acquiring photos encapsulating 
ower details for later modelling in 3D. This52

step is perhaps the most important as high quality images are key to produce high quality 3D models. We capture

images using a digital single-lens re
ex (DSLR) camera and a �xed focal-length macro lens. We save images in RAW54

format using an aperture of F16 (highest �eld depth without deteriorating the image quality), lowest ISO (e.g. 100)

to avoid image noise created by the sensor, and a shutter speed adjusted to allow the appropriate amount of light to56

reach the camera's sensor to result in a well-exposed image (see Supporting Information TableS2 for a summary of

the settings we used).58

To facilitate the photo capture of the 
ower from all directions, we use a turntable and automated remote camera

control (Fig. 1a,b ). To help later photo processing and mask the background in the pictures, we recommend using60

a uniform background. Good lighting conditions are also necessary for optimal picture quality. These conditions can

be recreated in the �eld using a portable lightbox (see Supporting Information Table S1).62

The 
ower to be photographed is �xed at the centre of the turntable using pins or clamps, or could be placed in a

tube or a cut pipette tip depending on the structure and sti�ness of the 
ower (see example Fig. 1c). A scale should64

be placed so that it is visible in several photographs to allow scaling of the resulting model.

To capture the entire 
ower surface and details, we take a 360 � series of photos of 
owers placed in normal and66

inverted positions (e.g., ventrally and dorsally). Typically 20 photos per rotation were taken at 3 di�erent camera

heights and angles of approximately 0� , 30� and 60� for each side of a 
ower (see Fig.1b ), for a total of 120 photos68

per 
ower. Depending on the 
ower complexity, the number of photos, camera angles and 
ower positions can be

adjusted to capture all visible 
oral details. It is also possible to add close-ups photos to enhance the model and70

reveal concealed and minute parts (e.g., reproductive organs). If using a variable focal lens, it is preferable that the

focal length is kept identical for all the pictures, and ideally at the minimum or maximum focal length possible to72

avoid optical deformations (Agisoft LLC, 2021).

2.2 Colour and exposure calibration74

Photographs must be colour-calibrated to adjust the re
ectance and colour of an object and allow accurate comparison

between 
owers (Troscianko and Stevens, 2015). To calibrate multiple photos with the same parameters, we use DNG76

(Digital Negative) colour pro�les created from an additional RAW photo of a standardised colour chart, taken for

each series of photos of a 
ower under the same light conditions and camera parameters. We convert the colour chart78

in a DNG pro�le (e.g. using Adobe Digital Negative converter) and standardise the series of photos corresponding

to the colour chart (using e.g. Adobe Lightroom (Adobe Inc., San Jose, California, USA)), providing an accurate80

reproduction of the 
ower colour for subsequent analyses of pigmentation patterns. We also standardise the photo

exposure using a 75% grey colour chip from the colour chart. Exposure calibration can also be performed at a later82

stage directly using the colour �le (texture) of the 3D model. From the calibrated RAW photos, we export JPG

images for the model reconstruction (Fig. 1c,d,e ).84
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2.3 3D model reconstruction

The procedure we use to obtain a 3D model from photogrammetry includes photo alignment, which results in a sparse86

three-dimensional point cloud, surface generation through depth maps calculation, and texture generation using the

projection of photos onto the surface of the model. Our protocol uses the commercial software Agisoft Metashape88

Professional Edition version 1.7 (Agisoft LLC., St. Petersburg, Russia), but open-source photogrammetry software

also exist (see Medina et al. (2020) for more details).90

During photo alignment (also referred as camera alignment), source images are positioned by searching for common

points in the photos (tie points) and by using the triangulation of the matching points. The alignment procedure can92

customarily be done in a single step, by attributing images from di�erent 
ower positions to distinct camera groups,

or by separating images from di�erent 
ower positions into di�erent chunks. Treating sets of images separately can94

be useful for merging models of di�erent 
ower parts (e.g. for modelling a complete 
ower by merging the 
ower with

and without its perianth). Chunks of images can also be treated separately during the alignment procedure when96

the overlap between pairs of images isn't optimal to facilitate the alignment calculation (Fig. 1f,g,h,i , showing an

example with two chunks of images). Prior to aligning images, masks can be captured manually or automatically98

to separate the 
ower from the background and restrict the searching of common points between images during the

alignment procedure to the 
ower itself (Fig. 1g). The picture alignment (Fig. 1h ) generates a three dimensional100

cloud of matching tie points for each set of images (Fig. 1i ). When di�erent chunks of images are used separately, they

need to be aligned together and then merged either automatically or by using manually-placed markers on distinctive102

features on the 
owers on several images (e.g. tips of petals or sepals, anthers). If manual markers are used, a

minimum of 3 markers spaced on the 
ower is required. The merging of images or groups of images results in a single104

tie point cloud (Fig. 1j ).

Once all the images are aligned around a single tie point cloud, the model (mesh) can be generated, using depth106

maps generated for each photo that represent the distance of the 
ower surface on the z axis for each camera positions

(Fig. 1k ). The mesh is composed of vertices, edges and faces, together forming polygons (Fig.1l ). During mesh108

reconstruction, the interpolated colour of the mesh polygons is calculated from images when using depth maps as

source information (Fig. 1m ). The resulting mesh may need minor touch-ups, such as removing unwanted portions110

of the in
orescence or the pin used to attach the 
ower.

We then scale the model by manually positioning landmarks on the scale bar in the original images and de�ning112

these landmarks as being spaced by the length of the scale, which resizes the model accordingly. Finally we build the

texture (detailed colour) of the model by using the 2D picture's information to generate a realistic visualisation of114

the 
ower surface in 3D (Fig. 1n,o ). The 
ower surface mesh can subsequently be used in geometric morphometric

applications (Fig. 1p,q ) and the three-dimensional textured surface can be exported as a 2D layout of the 3D surface,116

used in quanti�cation of 
ower colour using each pixel colour information (Fig. 1r,s ).
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Figure 1: Graphical work
ow of the photogrammetric approach used to study 
oral morphology and colour

in three dimensions (3D). Flowers are attached to a 360°turntable that automatically triggers a camera as

the turntable rotates in steps of a few degrees and are photographed using three camera angles for both

ventral and dorsal view (a-b). All RAW images (c) are calibrated identically using a colour chart (d) to

obtain realistic colour representation of 
owers (e). Masks are applied to remove the background (f-g) before

aligning the images (h), which results in a tie point cloud of homologous pixels detected in multiple photos

(i). The separate sets of photos are then aligned and merged to give a unique tie points cloud (j). Using

depth maps (k), a 3D mesh is reconstructed (l) and the interpolated colour of the mesh polygons is calculated

from images (m). A more realistic 3D model is obtained by building the texture from the original photos

(n), providing a �nely detailed and coloured 3D model on the outer and inner surfaces of the 
ower (o).

Landmarks (in red) and semi-landmarks are positioned on the 
ower model for curves (in blue) on the petal

margin, petal base, dorsal and ventral corolla curvature, and the base of the sepals, as well as on the simpli�ed

truncated cone template. Surface semi-landmarks (in green) are automatically applied on 
owers according

to the template (p-q). The 
ower texture wrapping the model can be extracted as a 2D representation of the

3D surface (r) and used to analyse and quantify colour variation of the entire 
ower surface (s).
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Box 1 - Glossary

Photography

Aperture: Size of the opening of a lens's diaphragm (or generically called shutter) through which light passes,

noted f=N .

ISO: Camera sensor sensitivity to light.

Sensor: Part of the camera that detects and transforms light into information to produce an image.

Shutter speed: Time during which the shutter allows light to reach the sensor.

3D Modelling

3D Mesh (3D object): Structural tri-dimensional shape built of polygons along x,y and z axes to represent its

height, width and depth.

Depth map: An image in which a colour gradient indicates the distance from the camera.

Edge: A connection between vertices.

Key point: A distinct feature recognised in a single image.

Mask: A delimited region of a photograph that is not the main subject.

Texture (or texture map): 2D object with details of the surface appearance, or information about the colours

used to wrap a 3D object.

Tie points: Automatically detected or manually placed 3D points that are matched in multiple images and

used to compute their 3D position.

Vertex: A position in a 3D space with three-dimensional x,y, and z coordinates.

Vertex colours: colours applied to each vertex according to the average colours of the corresponding areas on

the images source.

Geometric morphometrics

Landmark: Fixed point at a particular position, usually on a distinguishable homologous feature.

Semi-landmark: Sliding point between landmarks or other semi-landmarks, describing curves or surfaces.
118

3 Performance of the photogrammetry approach

The above protocol was applied to diverse 
owers selected to represent a variety of 
oral forms, colours and complexity.120

These were taken from species belonging to di�erent Angiosperm families such as the Fabaceae (Phaseolus coccineum),

Cactaceae (Schlumbergera sp.), Lamiaceae (Salvia nemorosa), as well as 19 Gesneriaceae species from the living122

collections of the Montreal Botanical Garden, mainly from the genera Rhytidophyllum and Gesneria (see example

below for more information on these specimens). Flowers from 5 species modelled by photogrammetry were also124

scanned using microCT to compare models originating from both approaches.

3.1 3D 
ower reconstruction126

The overall 3D reconstruction process using photogrammetry took from 0.5 to 2h depending on the complexity

of the project and the computer resources. The 3D models, the RAW photogrammetry image series to gener-128

ate these models, and the corresponding colour charts and calibrated textures can be accessed from MorphoSource

(https://www.morphosource.org/) under the project "Gesneriaceae of the Montreal Botanical Garden".130

The photogrammetric approach generated models of high quality that accurately represent the shape and colour

of 
owers of di�erent structures, sizes (2cm to 8cm), and symmetry (see Fig. 2 for a sample of 
ower models).132

The 
ower models presented in �gure 2 were also deposited in SketchFab (sketchfab.com/plantevolution), an online

platform for hosting and visualising 3D models with textures, to allow a closer inspection of the models. In many134

cases, very minute details could be modelled, such as the delicate petal margins ofRhytidophyllum vernicosum (Fig.
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