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Abstract

Studies of ecological processes should focus on a relevant spatial scale, as crude

spatial resolution will fail to detect small scale variation which is of potentially

critical importance. Remote sensing methods based on multispectral satellite

images are used to assess primary productivity and aerial photos to map vegeta-

tion structure. Both methods are based on the principle that photosynthetically

active vegetation has a characteristic spectral signature. Yet they are applied dif-

ferently due to technical differences. Satellite images are suitable for calculations

of vegetation indices, for example Normalized Difference Vegetation Index

(NDVI). Colour infrared aerial photography was developed for visual interpre-

tation and never regarded for calculation of indices since the spectrum recorded

and post processing differ from satellite images. With digital cameras and

improved techniques for generating colour infrared orthophotos, the implica-

tions of these differences are uncertain and should be explored. We tested if

plant productivity can be assessed using colour infrared aerial orthophotos

(0.5 m resolution) by applying the standard NDVI equation. With 112 vegeta-

tion samples as ground truth, we evaluated an index that we denote rel-

NDVIortho in two areas of the Fennoscandian mountain tundra. We compared

the results with conventional SPOT5 satellite-based NDVI (10 m resolution).

rel-NDVIortho was related to plant productivity (Northern area: P = <0.001,
R2 = 0.73; Southern area: P = <0.001, R2 = 0.39), performed similar to SPOT5

satellite NDVI (Northern area: P = <0.001, R2 = 0.76; Southern area:

P = <0.001, R2 = 0.40) and the two methods were highly correlated (cor = 0.95

and cor = 0.84). Despite different plant composition, the results were consistent

between areas. Our results suggest that vegetation indices based on colour infra-

red aerial orthophotos can be a valuable tool in the remote sensing toolbox,

offering a high-spatial resolution proxy for plant productivity with less signal

degradation due to atmospheric interference and clouds, compared to satellite

images. Further research should aim to investigate if the method is applicable

to other ecosystems.

Introduction

Primary productivity of green plants is the foundation of

terrestrial food webs and a key factor shaping ecosystems.

In many landscape ecological studies, it is therefore

crucial to accurately measure or estimate primary produc-

tivity at an appropriate scale. The relevant scale of

ecological processes, in space and time, is linked to the

characteristics of the organisms involved (Wiens 1989). In

animal ecology for example, spatial scale is related to

body mass, as large animals have disproportionately large

home-range sizes (McNab 1963; Jetz et al. 2004), while

population density on the other hand is negatively related

to body mass (Damuth 1981). For example, small-size

herbivores such as insects damaging forests, or lemmings

grazing tundra vegetation, can reach numbers where they

ª 2019 The Authors. Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

1

https://orcid.org/0000-0002-9207-5709
https://orcid.org/0000-0002-9207-5709
https://orcid.org/0000-0002-9207-5709
https://orcid.org/0000-0001-6976-8139
https://orcid.org/0000-0001-6976-8139
https://orcid.org/0000-0001-6976-8139
https://orcid.org/0000-0003-4845-977X
https://orcid.org/0000-0003-4845-977X
https://orcid.org/0000-0003-4845-977X
https://orcid.org/0000-0001-5535-9086
https://orcid.org/0000-0001-5535-9086
https://orcid.org/0000-0001-5535-9086
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/


affect the vegetation substantially enough to be detected

with satellite imagery during population peaks (Vogel-

mann and Rock 1989; Olofsson et al. 2012). Despite strik-

ing regional patterns, however, ecological variation at a

local scale might determine the mechanisms behind spa-

tial and temporal dynamics of such organisms. For exam-

ple, within an individual home range, local habitat and

microclimate can offer refugia that are vital to plants and

animals in otherwise non-suitable biotopes (Suggitt et al.

2011).

At local scale, a method with too low resolution will

reduce the variance in the collected data and fail to detect

important small-scale differences (Wiens 1989). Data with

high-spatial resolution can therefore become a necessity

for mechanistic understanding of ecological processes

even at a landscape scale. Surveying vegetation over large

areas in the field is, however, both time-consuming and

expensive. Remote sensing methods are therefore often

used as a complement to field studies to assess vegetation

in an efficient and reliable way. Multispectral satellite

imagery is the most commonly used source for remote

sensing of vegetation (Jones and Vaughan 2010) but also

near infrared aerial photos are used for detailed manual

surveillance of vegetation (Ihse 2007; Morgan et al. 2010).

Both methods are based on the common basic principle

that photosynthetically active vegetation has a characteris-

tic spectral signature or reflectance pattern of electromag-

netic radiation.

Technical background

The radiometric information recorded by multispectral

satellite images is suitable for image transformation and

characterization of land cover, and calculation of vegeta-

tion indices (Tucker 1979; Bannari et al. 1995; Jones and

Vaughan 2010). A wealth of vegetation indices has

emerged, and in a review of 40 different types Bannari

et al. (1995) found individual advantages justifying the

use for certain purposes of each index covered in the

study. Those strengths, however, came at the expense of

different drawbacks leaving no magic bullet solution. The

authors concluded that the choice of index therefore

depends on the application (Bannari et al. 1995). A com-

monly used vegetation index, typically calculated from

multispectral satellite images, is the Normalized Differ-

ence Vegetation Index (NDVI) that utilizes information

in the red and near infrared spectral bands to capture key

characteristics in the spectral signature of photosyntheti-

cally active vegetation (Rouse 1974; Tucker 1979; Buch-

horn et al. 2013).

Multispectral satellite images are available from many

different sensors of varying coverage as well as temporal

and spatial resolutions. Examples of satellites carrying

multispectral sensors are NOAA AVHRR (1.1 km resolu-

tion), MODIS (250–1000 m), LANDSAT (30–60 m),

SENTINEL 2 (10–60 m) and SPOT (5–20 m). The quality

of satellite imagery is constantly improving with better

temporal, spectral and/or spatial resolutions, and cur-

rently, there are multispectral satellite sensors with a spa-

tial resolution around or below 1 m, for example

Worldview-4 (0.31–1.24 m) and SkySat (down to 0.8 m).

On the other hand, the satellite images with high-spatial

resolution tend to be costly or hard to access. In addition,

there is a trade-off between spatial and temporal resolu-

tion and/or spatial coverage limiting their usability.

Regardless of their spatial resolution, satellite images

are affected by atmospheric effects such as scattering,

reflection and absorption of light (Chavez 1996). This will

affect the image but can be compensated to some degree

through atmospheric correction (Steven et al. 2003).

Clouds and their shadows, however, can effectively

obscure land cover signals and can only be handled

through averaging of measurements based on multiple

images from different dates (Ju and Roy 2008; Karlsen

et al. 2018). The extent of cloud cover in an area will

thus affect the likelihood to obtain suitable images and a

high number of images available for an area do not guar-

antee that any of them will be useful. This means that

despite an impressive amount of satellite images available

today, there are still areas that are difficult to monitor

due to few days with suitable weather. Naturally, longer

time series of multispectral images are also limited in

those areas. Also, the use of averaged images containing

information from different times during the vegetation

season might not be suitable for the task at hand.

Another widely used remote sensing technique to

study vegetation is colour infrared aerial photography

that was developed for visual interpretation of landscape

features and not with radiometric transformation in

mind (Ihse 2007; Jones and Vaughan 2010; Morgan

et al. 2010). These are the precursors of satellite tech-

niques that were developed later. The field of aerial

remote sensing is developing quickly as well, with global

use of multispectral digital cameras in the last 10 years.

Recently, in addition to conventional aeroplanes and

their cameras, drone-based sensors are booming for

small scale surveys (Anderson and Gaston 2013; Klemas

2015). Small drones offer many benefits as they are ver-

satile, can be fitted with any type of sensor and are cost-

effective on a local scale. On a larger scale however,

small drones are limited by their relatively short airtime,

low fly altitude and the post processing work that would

be required for such fine resolution (in cm) applied on

large scale (in km). Although drone technology is a

promising tool in the field of remote sensing it falls out-

side the scope of this study.
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Colour infrared aerial photos are traditionally acquired

by cameras carried on land survey aeroplanes, and in con-

trast to satellites they are only produced during optimal

weather conditions and are less affected by atmospheric

interference than satellites due to low flight height. They

contain information in the visual and near infrared parts

of the electromagnetic spectrum with a high-spatial reso-

lution (in Swedish national campaigns typically 0.25–
0.5 m; Lantm€ateriet 2013). However, aerial photos are

enhanced to facilitate human interpretation which affects

the pixel values within the individual picture, and pic-

tures over different areas might be processed in different

ways. Furthermore, the cameras’ sensitivity span for near

infrared radiation is wider than corresponding bands for

satellites, and partly overlaps with the red band (Ryan

and Pagnutti 2009; Gruber and Prassl 2012; Fig. 1). Con-

sequently, colour infrared aerial photos are conventionally

regarded as unfit for image transformation and index cal-

culation and we have not found that they have been used

to assess primary productivity before. Still, colour infrared

aerial orthophotos are increasingly used to automatically

separate vegetation from non-vegetation (Banzhaf and

Hofer 2008; Grafius et al. 2016; Beaumont et al. 2017). If

it would be possible to use the information contained in

the colour infrared aerial photos to obtain some assess-

ment of primary productivity it could provide a fruitful

way to investigate vegetation over regional areas of several

square km with a high spatial resolution, especially in

areas with low-satellite coverage.

Any new method has to be evaluated, primarily using

empirical field data. Nonetheless a comparison with well-

established standard methods is also of interest as a bench

mark of a new or modified method. Despite the obvious

shortcomings of aerial photos regarding radiometric accu-

racy and consistency, the effect of the technical differences

in the recorded signal between satellite images and colour

infrared aerial photos is not fully investigated and the

practical importance remains to be evaluated. For exam-

ple, which part of the colour infrared spectrum that is

used as input data is reported to have little effect on

NDVI, in contrast to the width of it (Teillet et al. 1997).

In combination with empirical data on primary produc-

tivity, a comparison of indices based on satellite images

and aerial photos would reveal if the radiometric differ-

ences have practical implications or more of a theoretical

nature.

Scope of the study

We believe that the potential of colour infrared aerial

orthophotos is underestimated if they can be used for cal-

culating vegetation indices achieving ecologically mean-

ingful results with high-spatial resolution in areas with

limited satellite imagery coverage, or where more detailed

resolution is needed. We consequently transformed high-

resolution colour infrared orthophotos, without prior cal-

ibration using the standard NDVI equation (Eq. 1) and

computed what we denote a relative Orthophoto Normal-

ized Difference Vegetation Index (rel-NDVIortho). The

name rel-NDVIortho indicates that the standard NDVI

equation was applied on uncalibrated aerial image values

(digital numbers) resulting in relative NDVI values as

opposed to NDVI values based on calibrated reflectance

values from a satellite image. The equation for calculating

NDVI using radiometric intensity in the near infrared

and red spectrum.

NDVI ¼ near infrared - red

near infraredþ red
(1)

With sampled vegetation as a ground truth, we tested

the hypothesis that rel-NDVIortho can predict plant pro-

ductivity in a mountain tundra ecosystem. We applied

the method in two study areas which were 380 km apart,

to see if it was possible to generalize it between different

sites within the same biome and using images from dif-

ferent cameras. Finally, we also compared the method to

conventional, radiometrically correct, satellite-based

NDVI (SPOT 5).

Materials and Methods

Remote sensing and image processing

We computed rel-NDVIortho with the standard NDVI

equation (Eq. 1; Tucker 1979) using pixel values from

colour infrared orthophotos provided by the Swedish

mapping, cadastral and land registration authority

Lantm€ateriet. The data were resampled to 2 m from the

original 0.5 m resolution to match the precision of our

satellite navigation units and to reduce computational

workload (Fig. 3). The orthophotos were derived from

images taken with two different cameras, VEXCEL Ultra-

Cam Eagle in the Northern area and Z/I Imaging DMC in

the Southern area (for further details see supplementary

information). NDVISPOT5 was computed using SPOT 5

satellite images (10 m resolution). SPOT 5 images were

corrected for atmospheric noise using the Quick Atmo-

spheric Correction (QUAC) method (Bernstein et al. 2005,

2006). We resampled images with higher resolution

(orthophoto) to 10 m resolution to allow a valid compar-

ison of different sources in some of the analyses. Resam-

pling was done in Quantum GIS 2.2.0 (QGIS

Development Team 2009). In the Northern area, the

SPOT 5 images (2015-08-18) and the aerial photos (2015-

09-03) were acquired within 16 days. In the Southern

area, the dates of the images used were 11 days apart but
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from different years (SPOT 5: 2014-07-13, Orthophotos:

2008-07-24).

Study areas

We worked in two areas in Sweden, 380 km apart

(Fig. 2). The Northern area: in the vicinity of mount
€Aivis�aive (1250 m a.s.l., N 65°540, E 16°030), Vindelfj€allen,
county of V€asterbotten, the 8–10 of August 2016 (Fig. 2).

The Southern area: around mount Helags (1796 m a.s.l.,

N 62°540, E 12°270), county of J€amtland, the 2–5 of

September 2014. Both areas consist of mountain tundra

above the tree line (800–900 m.a.s.l.), comprising dry

heaths, grass heaths, meadows, fens and lakes (Ulfstedt

1977; Borgstr€om 1979). Snow cover normally (averages

for 1961–1990) lasts from October to early June (Swedish

Meteorological and Hydrological Institute 2016).

The Scandinavian mountain tundra hosts a limited

number of vascular plant species. There are slow long-

term changes in vegetation but large intra-regional con-

trasts in growing conditions due to altitude, slope and

aspect. The between-year variation in weather, affecting

for example snow melting, can have a large impact on the

start of the growing season and hence on the vegetation.

However, none of the years involved in the study showed

any particular meteorological anomalies, and we are con-

fident that the sampled vegetation in August and Septem-

ber is a representative of the peak standing crop biomass

in the system.

Vegetation ranges from lush and dense to meagre and

non-existent depending on different edaphic and climatic

conditions. The hilly terrain of the mountain tundra also

allows for sampling at different altitudes and of slopes

with different aspects while still being covered by colour

infrared orthophotos processed in a consistent way.

Sampling of vegetation

We sampled vegetation in our two study areas using a

stratified random sampling design throughout the land-

scape with different combinations of rel-NDVIortho values,

altitude, aspect and slope (Fig. 2). No data points were

located in shadows. The plots were located in the field

using hand held GPS+GLONASS satellite navigation units

(Garmin eTrex 10), when the unit stated a maximum

deviance of 2 m.

For each plot (1 9 1 m square), we collected all

above-ground vegetation in paper bags from three

Figure 1. The sensitivity in the spectrums used for calculation of NDVI of the sensors covered in the study. DCM cam and UltraCam Eagle are

used for production of orthophotos. They are similar to each other but differ from SPOT5 regarding the bandwidth in the near infrared (NIR)

spectrum. Percentage indicates thresholds where the signal reaches above 50% and 10% of the peak sensitivity. Curves show reflectance

intensity, a spectral signature, for different functional vegetation groups (shrubs and sedges) in low-arctic tundra (adaptation from Buchhorn et al.

2013).
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randomized quadrats (0.2 9 0.2 m) and pre-dried them

the same afternoon in order to halt decomposition

(Fig. 3). We brought the pre-dried samples to a labora-

tory and sorted them into four functional groups: (I)

yearly crop of shrubs and sprigs, (II) twigs and needles,

(III) graminoids, (IV) herbs. Roots, mosses and dead veg-

etation litter were removed from the samples. Prior to

weighing, we dried the samples at 70°C for at least 24 h,

or until completely dry. We weighed samples using a digi-

tal scale KERN PCB100-3 (�0.001 g). The sampled green

biomass is here after denoted plant productivity (following

Karlsen et al. 2018). A direct relationship between net pri-

mary productivity and plant biomass can be assumed for

yearly crop of shrubs and sprigs, graminoids and herbs

although it is usually an underestimate (Singh et al.

1975). It was, however, not possible to distinguish the

current yearly crop of twigs and needles from previous

years, so some amount of the sampled twigs and needles

biomass originates from previous years production.

Statistical analysis

We fitted two linear regression models for each area with

the logarithm of plant biomass as explanatory variable

and rel-NDVIortho respectively NDVISPOT5 as response

variable. To allow logarithms of zero values, 1 was added

to all biomass measurements. To compare the different

index values with each other, we calculated correlation

coefficients for NDVI and rel-NDVIortho values of each

plot, and tested the correlations for significance. All mea-

surements were carried out in the statistical software R

3.1.2 (R Core Team 2014; packages: CAR (Fox and Weis-

berg 2011)).

Results

We collected 112 vegetation samples (nNorthern = 46,

nSouthern = 66). The weight of sampled vegetation ranged

from 0 to 29.19 g in the Northern area and 0–164 g in

the Southern area. The densest vegetation was found in

wet and semi-wet heath biotopes covered by graminoids

and small woody plants such as dwarf birch (Betula nana

L.), juniper (Juniperus communis L.) and woolly willow

(Salix lanata L.). The scarcest vegetation was in stony

areas with lichens but no vascular plants.

Our hypothesis was supported as rel-NDVIortho
increased with biomass and hence reflected plant produc-

tivity (Fig. 4). The explained variation was R2 = 0.73

(n = 44, d.f. = 1, P < 0.001) in the Northern area and

R2 = 0.39 (n = 66, d.f. = 1, P < 0.001) in the Southern

area. This was similar to the relationship between biomass

and NDVISPOT5 where the explained variation was

Figure 2. The location of the two sampling sites in Vindelfj€allen and Helagsfj€allen, Sweden, referred to as the Northern and the Southern area.
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R2 = 0.76 (n = 46, d.f. = 1, P < 0.001) in the Northern

area and R2 = 0.40 (n = 66, d.f. = 1, P < 0.001) in the

Southern area (Fig. 4).

To compare the two methods, rel-NDVIortho and

NDVISPOT5, we tested if the slopes of the two regression

lines in each area differed from each other. A linear regres-

sion with an interaction term was fitted and showed no

significant difference (PSouthern = 0.81; PNorthern = 0.075).

In both areas, the range of rel-NDVIortho values seemed to

consistently turn out roughly 0.55 lower than the corre-

sponding NDVISPOT5 values (Fig. 4, Fig. 5). The NDVI-

SPOT5 and rel-NDVIortho (resampled to 10 m) were highly

correlated with each other and with plant productivity in

both areas (Northern area: cor = 0.95, confidence

Figure 3. Flow chart over the procedures and analyses used in the study.

Figure 4. Biomass explained rel-NDVIortho (based on near infrared orthophotos). A similar relationship was found using NDVISPOT5 (based on

SPOT5 satellite images), and the two methods were highly correlated (cor = 0.95 in the Northern area, cor = 0.84 in the Southern area). The

variance explained was similar for the two methods but differed between the two areas. Northern area: NDVISPOT5: R2 = 0.76 (n = 46,

P < 0.001), rel-NDVIortho: R
2 = 0.73 (n = 46, P < 0.001). In the Southern area: NDVISPOT5: R

2 = 0.40 (n = 66, P < 0.001), rel-NDVIortho: R
2 = 0.39

(n = 66, P < 0.001). The slopes of the lines did not differ from each other (Northern area: 0.075, Southern area: 0.81). The rel-NDVIortho is

plotted on the right y-scale, 0.55 lower than the NDVISPOT5.
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interval = 0.91–0.97, P < 0.001; Southern area: cor = 0.84,

CI = 0.74–0.90, P < 0.001; Figs. 4 and 5).

Discussion

Plant productivity was successfully detected by rel-

NDVIortho in both study areas. The results showed that

despite temporal and radiometric differences, the correla-

tion between conventional NDVISPOT5 and rel-NDVIortho
was high, except that rel-NDVIortho appeared to be con-

sistently around 0.55 lower than the NDVI values in both

areas (Figs. 4 and 5). The shift was linear over the range

of plant productivity and similar in the two areas, indi-

cating that this difference in NDVI values holds no direct

ecological value. Our two study sites were separated in

both time and space and the index was based on images

from two different cameras, which supports that this con-

stant could be generalized within mountain tundra

ecosystems. We therefore suggest that rel-NDVIortho could

be evaluated relative to NDVI through a calibration, slid-

ing the two indices into position by adding a constant to

rel-NDVIortho (Fig. 4). The lower values of the rel-

NDVIortho could be related to the broader sensitivity of

the sensors used for colour infrared orthophotos. Band-

widths of 30 nm are optimal for calculating NDVI and

wider bandwidths are known to render false low index

values that drop down to �0.15 when bandwidths reach

50–150 nm (Teillet et al. 1997). For UltraCam Eagle, the

bandwidth of the red spectrum is c. 112 nm and around

270 nm in the near infrared spectrum and DMC has a

similar specification (Fig. 1). However, the lower-index

values could be useful. Saturation, where the NDVI values

in high-photosynthesizing environments tend to reach the

maximum value of 1, is a well-known problem when cal-

culating NDVI in areas with very dense vegetation (Sellers

1985; Mutanga and Skidmore 2004). Although the moun-

tain tundra does not contain any highly productive areas

and we could not test it, a rel-NDVIortho less sensitive to

saturation could provide a more detailed scale and

improve the ability to separate differences in highly pro-

ductive environments.

The correlation between rel-NDVIortho values and

NDVISPOT5 was strong and consistent despite the different

treatment of the original data (Fig. 5). Orthophotos go

through post processing that impairs their absolute pixel

value accuracy compared to satellite images, which com-

monly go through correction procedures compensating

for effects such as atmospheric distortion and local solar

zenith angle to assess a true earth surface reflectance. The

pixel values of orthophotos can therefore not be directly

compared with corrected radiometric data from satellite

imagery, and possibly account for the �0.55 shift to some

extent. Although this could be considered a limitation, we

do believe that this is an important aspect of our study

showing that digital numbers can give relevant informa-

tion on the plant productivity and not only an indication

of the density of the vegetation cover in general. This

opens up for users that are not skilled remote sensing

technicians or wish to work with easily available high-

resolution data that are not satellite imagery. We show

that images provided by professional image providers,

where the level of processing is sometimes not well-docu-

mented, can be used without further image processing.

The lack of absolute radiometric accuracy should also be

seen in the light of the lesser atmospheric noise for aerial

photos, consistent photo conditions and the substantially

increased spatial resolution. The near infrared bandwidth

of the aerial photo cameras is rather wide, yet the maxi-

mum sensitivity is in a shorter wavelength compared to

SPOT5, and shorter wavelengths of the infrared band are

less affected by water evaporation (Teillet et al. 1997). A

potentially lower sensitivity together with the closer dis-

tance between lens and landscape feature could therefore

produce a less distorted signal in aerial orthophotos

thereby reducing the need for atmospheric corrections,

and potentially counterbalancing some of the inaccuracies

caused by manual manipulation in the post processing of

the aerial photos.

In an investigation of how bandwidths of different

satellites affect NDVI, Teillet et al. (1997) showed that the

sensitivity of a sensor also affects other indices similar to

NDVI (e.g. SAVI, MSAVI and DVI). The potential of

radiometric information in colour infrared orthophotos,

demonstrated by our results, suggests that orthophotos

Figure 5. The values of NDVISPOT5 and rel-NDVIortho plotted against

each other. The rel-NDVIortho had values shifted about -0.55

compared with conventional satellite-based NDVI.
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might be useful for the calculation of other indices that

also make use of the relationship between the red and

near infrared parts of the electromagnetic spectrum.

For both methods, the model intercept in the Northern

area appeared to be higher than the intercept in the

Southern area. This is possibly a reflection of the sampled

vegetation types and the range of biomass sampled. In the

Northern area, the samples weighed 0–29 g and consisted

to a large proportion of graminoids and herbs while they

in the Southern area ranged from 0 to 164 g and were

dominated by shrubs and sprigs (Fig. 6). The yearly crop

of graminoids and herbs has a high-photosynthetic activ-

ity and hence a proportionally high NDVI per biomass.

The yearly crop of a shrub on the other hand consists to

a larger extent of woody parts that are less photosyntheti-

cally active and would render a lower index value per bio-

mass. The images used in the Northern area were also

taken later in the season which could explain some of the

difference in intercept between the two areas. Seasonal

timing of imaging is important as the remote sensing of

plant productivity has to be done during peak standing

crop biomass. Additionally, the inclination of sunlight

affects which features are shaded or visible to the sensor,

which in turn affects the radiometric signal during the

day (Huete 1987; Galv~ao et al. 2004). The strength of aer-

ial photos is that they typically are taken at a similar time

of the day and during optimal weather conditions,

thereby limiting the effects of differences in timing. Such

consistency can be harder to obtain with those satellites

that have a limited revisiting frequency, but timing is an

inevitable problem for all remote sensing methods.

Although we resampled orthophotos of 0.5 m resolu-

tion to 2 m for the analyses, we see no reason to believe

that the method would perform less well in the original

resolution, suggesting that, even though we did not test

their original resolution, orthophotos could provide a

basis for vegetation indices calculated with a high-geome-

trical resolution and good accuracy at a limited cost.

The resolution of the aerial photos was reduced to

2 9 2 m to match the precision of our satellite naviga-

tion units that did not allow us to perfectly align each

1 9 1 m plot with corresponding aerial photo pixel.

Reduced resolution is known to result in scale-dependent

errors, as small-scale heterogeneity inevitably is lost dur-

ing resampling (Moody and Woodcock 1994). However,

samples were mostly collected in homogeneous vegetation

where the sampled 1 9 1 m plots were representative of

the corresponding 10 9 10 m area, limiting potential

effects of navigational error and vegetation heterogeneity

(similarly to Karlsen et al. 2018). We therefore believe

that the precision of our ground truth corresponding to

pixel values was good enough to reliably address and test

our hypothesis regarding orthophotos. The strong

similarities between the both methods also suggest that

the resampling of orthophotos to match the 10 m SPOT

resolution did not have any major implications. Yet we

cannot rule out an effect of small scale vegetation hetero-

geneity and the limited possibility to perfectly align our

data. Such an effect would increase the unexplained varia-

tion and could possibly explain the lower R2 value in the

Southern area, as the sampled vegetation there was more

heterogeneous in general.

The pronounced similarities between rel-NDVIortho and

NDVISPOT5 in both study areas show that the two

approaches performed consistently and that it was possi-

ble to apply rel-NDVIortho across the sampled landscapes.

Yet, since we focused solely on a mountain tundra ecosys-

tem, our study is limited and further investigation is

needed to test if, for example, the size of the relative shift

in index values compared to NDVI is consistent for dif-

ferent types of plant communities or whether it is ecosys-

tem specific. Even if a shift would differ between

ecosystems, this would be less of a problem as long as it

remains linear. If so, control points of the rel-NDVIortho
would only need to be calibrated with a satellite image

before being applied on its own merits.

Figure 6. Composition of sampled vegetation in proportion of total

collected material. The material collected in the Northern area

(n = 46, weight range = 0–29 g) was dominated by annuals while

the samples in the Southern area (n = 57, weight range = 0–164 g)

were dominated by shrubs and sprigs.
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The usability of rel-NDVIortho suggests that there is a

potential for research projects to tailor future high-resolu-

tion monitoring at a moderate expense using standard

land survey aeroplanes. This could be a valuable addition

to traditional satellite images as a proxy for radiometric

information in areas where satellite images do not achieve

the spatial or (due to cloud cover) temporal resolution

needed; or the main method if the operational scale of a

target organism group requires a resolution higher than

10–30 m. If the photogrammetric camera technique

would evolve to facilitate radiometric computation, that

is if the number of bands in cameras used for aerial pho-

tography would increase, allowing narrower bands with

less or no spectral overlap in the near infrared spectrum,

and perhaps add a band in the red edge, the usage of col-

our infrared aerial photography would be greatly

improved. Small remote sensing drones fitted with multi-

spectral sensors is another way to achieve high-resolution

surveys of vegetation that has already been proven useful

(Anderson and Gaston 2013; Klemas 2015). The practical-

ity of such systems will however likely remain limited to

local studies as they will meet both technical and eco-

nomic challenges on a regional scale compared to aerial

photos. Colour infrared aerial orthophotos therefore

appear to provide an interesting high-resolution method

that has a place between large-scale satellites and highly

localized small drones.

We have applied rel-NDVIortho in a number of recent

studies where it has been shown to be useful in modelling

lemming abundance on a 5–30 m scale (Le Vaillant et al.

2018) and in modelling species interactions within the

terrestrial arctic predator guild (Stoessel et al. 2018) in

mountain tundra ecosystems. But also in biotope map-

ping in urban and rural landscapes, rel-NDVIortho has

shown to be useful to automatically separate vegetation

covered land from non-vegetation, which is a highly

desirable separation, even without the attempt to translate

rel-NDVIortho values into an estimation of primary pro-

ductivity (Akbari et al. 2003; Grafius et al. 2016; Sk�anes

and Stoessel 2016).

Concluding remarks

We found support for our hypothesis that it was possible

to reliably assess plant productivity in the mountain tun-

dra at a very fine spatial scale by transforming colour

infrared aerial orthophotos using the algorithm for NDVI;

resulting in rel-NDVIortho. Using satellite-based NDVI, we

establish a relationship between our new application and

the widely used standard method. However, the shift in

absolute index values highlights the relative characteristics

of rel-NDVIortho. Our results open up new possibilities

for the use of digital colour infrared orthophotos as a

basis for image transformation, revealing an increased

potential use for the vast number of available digital aerial

photos with their high-image quality, low distortion and

high (<1 m)-spatial resolution.

Given our results, we can conclude that rel-NDVIortho
can be used as a proxy of plant productivity that has a

good potential to drastically improve the usability of col-

our infrared orthophotos in mountainous areas, and as

such contribute to the use of remote sensing for small

scale ecological processes in plant, animal and landscape

ecology while retaining a regional perspective, comple-

menting the use of satellite images and small drone

imagery.
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