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Ecological  assessments  such  as  species  distribution  modelling  and  benchmarking  site  quality  towards
regulations  often  rely  on  full spatial  coverage  information  of site  factors  such  as soil  acidity,  moisture
regime  or  nutrient  availability.  To  determine  if remote  sensing  (RS)  is  a viable  alternative  to  traditional
data  sources  of  site factor  estimates,  we  analysed  the  accuracy  (using  ground  truth  validation  measure-
ments)  of  traditional  and  RS sources  of pH and  mean  spring  groundwater  level  (MSL,  in m)  estimates.
Traditional  sources  were  a soil  map  and  hydrological  model.  RS estimates  were  obtained  using vegetation
indicator  values  (IVs)  from  a Dutch  national  system  as  an  intermediate  between  site  factors  and  spectral
response.  IVs  relate  to those  site factors  that  dictate  vegetation  occurrence,  whilst  also  providing  a  robust
link to  canopy  spectra.  For  pH, the soil  map  and  the  RS  estimate  were  nearly  as  accurate.  For  MSL,  the
RS  estimates  were  much  closer  to the  observed  groundwater  levels  than  the  hydrological  model,  but  the
error  margin  of the  estimates  still  exceeded  the  tolerance  range  of moisture  sensitive  vegetation.  The
relatively  high  accuracy  of the  RS  estimates  was  made  possible  by  the  availability  of local  calibration

points  and large  environmental  gradients  in the  study  site.  In addition,  the  error  composition  of  the  RS
estimates  could  be  analysed  step-by-step,  whereas  the  traditional  sources  had  to be accepted  ‘as-is’.  Also
considering  that RS offers  high  spatial  and  temporal  resolution  at low  costs,  RS  offered  advantages  over
traditional  sources.  This  will  likely  hold  true  for  any  other  situation  where  prerequisites  of  accurate  RS
estimates  have  been  met.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Natural area management at local scale requires full spatial
overage knowledge on site factors such as groundwater tables,
utrient levels and soil acidity (pH). For example, plant species and
lant community distributions can be derived from site factors, on
he premise that these have specific demands on e.g. groundwa-

er regime (Bartholomeus et al., 2012; Runhaar et al., 1997; Tüxen,
954), soil acidity (Cirkel et al., 2012; Damgaard et al., 2014) and
itrogen availability (Douma et al., 2012), or a combination thereof
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ttp://dx.doi.org/10.1016/j.jag.2015.05.005
303-2434/© 2015 Elsevier B.V. All rights reserved.
(Roelofsen et al., 2014). Monitoring of natural areas is also possible
from site factors, for example, when assessing the influence of man-
agement measures, succession or the impact of climate change and
N-deposition on natural vegetation (Cousins and Lindborg, 2004;
Ellenberg, 1992; Hannerz and Hånell, 1997; Olde Venterink and
Wassen, 1997). Likewise, the European Union (EU) habitat direc-
tive requires its member states to report every six years on the
conservation status of habitats and species. A possible approach
is to benchmark observed site factors against known requirements
(e.g. (Runhaar et al., 2009) for The Netherlands) of the target habitat
types to reveal hotspots of environmental deficits.

While full coverage estimates of site factors are a versatile man-
agement aid, sampling to obtain the spatial and temporal variability

of site factors is often constrained by time and resources. Therefore,
researchers and managers resort to traditional sources to provide
the required data, such as paper maps or previous model output on
an area. However, these sources can be flawed by e.g. high hetero-
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eneity within polygons and outdated content for maps, or coarse
patial resolution for models. Whatever the source, it is a risk to
se them for something else than their original purpose. For exam-
le, a soil map  may  have been compiled with regional agricultural
uitability assessment in mind, so that its sampling density and
inimum mapping area preclude reliable statements about small

arcels. Moreover, information from traditional sources does not
ecessarily coincide with those site factors that are relevant for
ature management.

With the increasing spatial, spectral and temporal resolution
f earth observation sensors, remote sensing (RS) is an alternative
ource of site factor estimates. Examples include soil moisture con-
ent (Bastiaanssen et al., 2005; Panciera et al., 2009; Wigneron et al.,
007), soil iron content (Bartholomeus et al., 2007) and soil salin-

ty (Bell et al., 2001). These examples relate RS signals directly to
he site factor of interest. In the context of nature management, an
nteresting alternative is to derive site factors through their impact
n the natural vegetation. Plant species and communities have a
arrow tolerance towards one or more site factors, making their
resence indicative for the sites conditions. If one or more site fac-
ors have a harmonised and consistent influence on the vegetation
hysiology and phenology, this influence can be observable from RS
ata. For example, regional groundwater tables can be derived indi-
ectly from thermal RS data (Kaiser et al., 2012). The compounded
mpact of groundwater tables on plant physiology and evapotran-
piration was summarised into ‘ecological moisture values’ (Kaiser
t al., 2012) that were statistically related to the RS canopy tem-
erature data.

Site factors filtering on species employing certain morpholog-
cal and structural properties that accommodate survival in that
ituation have been observed and quantified in many situations
Bartholomeus et al., 2008; Ordoñez et al., 2009; Reich et al., 2007;
oudzilovskaia et al., 2013). At the same time, plant properties
uch as leaf water content (Roelofsen et al., 2013), leaf area index
nd leaf orientation (Asner, 1998) and chlorophyll (Doughty et al.,
010) modulate the absorption and reflection intensity of sunlight

n different wavelengths and together shape the canopy spectrum.
herefore, we hypothesise that plant properties can connect RS data
ith site factors. This holds particularly true when the site factor

s the main driver of vegetation patterns inside the spatial extent
f a RS image, thereby exhibiting a clear gradient in intensity that
elates to the spectral signal. Indeed, the relation between RS and
ite factors can deteriorate by overruling factors such as planted
egetation and active management. Likewise, plant species that
olerate a wide range of site conditions are less indicative for site
onditions.

Nonetheless, the advantage of using vegetation properties to
erive site factors is that these relate as closely as possible to the
ite factors as experienced by the vegetation. Vegetation responds
lowly to site factor dynamics and a single measurement in time
nd space may  not consistently explain species occurrence. From
n ecological management perspective, it is sensible to pursue long
erm site factor dynamics, rather than their daily and seasonal fluc-
uations. Although this approach is being explored (Feilhauer et al.,
011; Kaiser et al., 2012; Roelofsen et al., 2014; Schmidtlein et al.,
011), the accuracy of the site factor estimates is not always estab-

ished (Kaiser et al., 2012). Furthermore, the merits of this approach
ompared to legacy site factor information sources are unexplored.

Therefore, the objective of this study is to evaluate the RS and
raditional data methods to estimate site factors in a natural area.
or this, we employ these two approaches to derive two site fac-
or estimates for a natural area in The Netherlands. The accuracy

f these estimates is assessed from an independent dataset of site
actor measurements. While the data source with lowest devia-
ion from the validation set should be considered most accurate,
 Observation and Geoinformation 43 (2015) 149–159

other aspects of the data sources such as the spatial and temporal
resolution will also be considered.

We  focus on two site factors that are known drivers of vegetation
and for which different data sources were easily available. Firstly,
soil pH, which modulates abundance of toxic substances such as
aluminium and manganese, as well as essential nutrients such as
phosphorus, calcium, magnesium and potassium. Because plant
have to employ complex adaptations to mitigate the effects of low
or high pH (Cirkel et al., 2012), soil pH is a strong driver of species
distribution. Secondly, we  derive mean spring groundwater level
(MSL), a characteristic groundwater table that is frequently used in
The Netherlands (Runhaar et al., 1997). Groundwater table is often
assessed during spring because water table is still high from past
winter and plant evapotranspiration has not yet begun (Runhaar
et al., 1997). As such MSL  determines oxygen and water availability
to plant roots during this critical stage for species survival (Knapp
et al., 2008). MSL  is defined as the average groundwater-surface
distance in m.  during March–April over at least 30 years. In this
paper, below surface level is expressed as a positive and flooding
as a negative value.

To derive pH and MSL  from traditional sources, we  employ a soil
map  and a nationwide hydrological model. For the RS approach,
plant indicator values (IVs) are estimated first and then translated
to pH and MSL  using earlier established relations. IVs are con-
tinuous numerical values that express the realised optimum of a
plant species with respect to site factors (Diekmann, 2002). IVs
are not physical plant properties that can be measured, but are
rather derived from expert judgement (Ellenberg, 1992) or vege-
tation plot data analysis (Witte et al., 2007). IVs can be considered
an umbrella descriptor that synthesises plant properties and phys-
iology into a single number. As a consequence, IVs relate strongly
to site factors that influence vegetation properties (Bartholomeus
et al., 2008; Cirkel et al., 2012), as well as to the spectral (Roelofsen
et al., 2014; Schmidtlein, 2005) and topographic variables (Ecker
et al., 2010). The latter relation is never causal but indirect, because
IVs merely relate to plant properties that modulate leaf reflectance
and absorbance.

Since differences in site related plant features can best be
detected by focusing on one vegetation structure, we limited our
study to short vegetation (grasses, herbs, short shrubs), all the more
since trees in The Netherlands species are nearly always planted
and not very informative about their site conditions. Within this
short vegetation class, we  expect that the availability of water
and nutrients is expressed by canopy height, leaf density, and the
‘greenness’ of the vegetation. These approaches are detailed further
in the next section, following the description of the study site.

2. Materials & methods

2.1. Study site

‘Kampina’ is a Natura2000 protected nature reserve natural area
in the south of The Netherlands (5◦16′00′′E 51◦34′00′′N), located on
Pleistocene cover sand. Within it, a 15 km2 study site was  delin-
eated that excluded forests, artificial structures, agriculture, tall
shrubs and open water (this is motivated in Section 2.3.1) but
leaves natural vegetation of short shrubs, grasses and forbs. Notable
topographic features of the study site are a small river flowing
north-east bound through the southern half of the study site and
several elevated sand dune ridges in the north. Rainwater fed fens
are found in between these ridges. Elevation differences up to 12

m are observed. These features create a gradient in pH and MSL
along with other abiotic factors such as nutrient availability, which
in turn drive considerable variation in vegetation. Dry and moist
heather species (Caluna vulgaris, Erica tetralix and Molinia caerulea)
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ominate the oligotrophic northern part of the study site. Along
nd in between the fens, moist, acidic and nutrient poor species
uch as Drosera rotundifolia and peat mossess are found. Grasslands
long the small river in the south are moist to wet and mesotrophic
o eutrophic and host species such Cirsium dissectum and Succisa
ratensis. Small patches of wet, alkaline oligotrophic grasslands
ith rare threatened species such as Carex pulicaris are present

s well. Along walking routes and parking places eutrophic veg-
tation is found containing among other species Urtica dioica and
hragmitus australis.

Several parcels on the south and south eastern fringes of the
tudy site were converted from agricultural to natural areas in
000–2005 by excavating the nutrient rich topsoil and raising the
ater table. Local water management aims to improve quality and

uantity of the ground and surface water. This is done by clearing
ine trees and filling up ditches. A lock in the small river prevents
apid drainage of the upriver area and part of rivers vicinity is diked
o retain water in case of flooding.

The main motivation to select this study site was  the large pH
nd MSL  gradient which would aid in relating IVs to the spectral
ata (see Section 2.4). In addition, the site was well accessible and
ithin driving range of laboratory facilities. Several traditional data

ources covering this site were readily available. Finally, the site
as conveniently close to the operating base of the APEX hyper-

pectral scanner 2012 flight campaign (see Section 2.4.1), which
ncreased the chances of acquiring a RS image of the site.

.2. Traditional sources

.2.1. pH data from a soil map
Since 1964, soil maps of The Netherlands have been published,

ith the last regions being mapped in the 1990’s (Steur and Heijink,
991). As such, a soil map  of the study site was readily available
Damoiseaux and Teunissen van Manen, 1984). The study site was

apped in the period 1964–1977 at scale 1:50,000. Twelve dif-
erent soil types were mapped as polygons in the study site, with

 minimum mapping area of 0.25 km2. Approximately, 0.55 km2

as mapped as ‘open water’ or as ‘disturbed soil’ and was  not
ssigned a soil type. A hypothetical soil sample within a polygon
n the soil map  will also, to a certain extent, contain different soil
ypes than suggested by the soil map  (Buringh et al., 1962). This is
ue to interpretations during the field survey, mapping scale and
oil development, variation over small distances, the fuzziness of
oil type extent borders and the need to ignore too small varia-
ions. Approximately 2 km2 within the study site was labelled as
aving >30% probability of a mismatch between the reported soil
ype and a random sample (Steur and Heijink, 1991), but the accu-
acy of the soil map  has not been specified beyond this. Land use
hanges (e.g. agriculture to nature conversion) since the mapping
eriod will lead to additional mismatches. Finally, water bodies on
he soil map  and in the RS image deviate to some extent.

An earlier study determined physical and chemical character-
stics for all soil types in The Netherlands, specifically aiming to
rovide quantitative soil properties for use in modelling studies
de Vries, 1999). This was achieved by linking measurement data
rom point soil samples to the soil unit in which the soil sample
as taken. This way, each soil type in the study site was attributed

 pH KCl value and a spatially explicit pH map  was created, save
or the polygons classified as open water or disturbed soil. Soil map
erived pH estimates are referred to as pHtrad.

.2.2. MSL  from a hydrological model

We  employed the output from a Dutch national ground and

urface water model, called the ‘National Hydrological Instrument’
NHI) (de Lange et al., 2014), as an estimate of MSL  in the study
ite. NHI is freely available and the only (except for local measured
Observation and Geoinformation 43 (2015) 149–159 151

data) spatially explicit source of groundwater level data. NHI cou-
ples four components that each model a specific part of the Dutch
water system: the saturated and unsaturated groundwater zone
(modelled with MODFLOW (Harbaugh et al., 2000) and MetaSWAP
(van Walsum and Veldhuizen, 2011), respectively), regional sur-
face water (modelled with MOZART (Vermulst et al., 1998)) and
national surface water (modelled with DM-SOBEK) (de Lange et al.,
2014). NHI output is daily ground water levels in 250 m grid cells
for the entire Netherlands during 1966–1995. This time frame was
chosen so that long term groundwater tables are represented and
influence of extraordinary years is minimised. From its output, we
computed MSL  as the average of the simulated groundwater levels
at 14 March, 28 March and 14 April. NHI derived MSL  estimates are
referred to as MSLtrad.

2.3. Remote sensing estimates of site factors through indicator
values

2.3.1. Estimating indicator values
We  use the plant Indicator Values (IVs, (Diekmann, 2002)) for

acidity (mR, from German Reaktionszahl)  and moisture regime (mF,
from German Feuchtezahl) as vegetation properties through which
soil pH and MSL  are estimated. At 32 locations within the study
site, the floristic composition within a 2 × 2 m vegetation plot was
assessed during August 2012 by an experienced field biologist. Plots
were located where species presence was  a clear expression of
site factors, i.e. excluding forests (most trees in The Netherlands
are planted) and wide tolerance species such as Molinia caerulea.
Observed species were coupled to a previously compiled list of mR
and mF  for each plant species in The Netherlands (Witte et al., 2007)
describing the preference of that species towards acidity (mR, rang-
ing from 1 = acid to 3 = alkaline) and moisture regime (mF, ranging
from 1 = open water to 4 = completely dry). Note that IV scales are
continuous, in contrast to the discrete values of IVs of e.g. Ellenberg
(1992). Subsequently, a plot-average value for mR  and mF  was
calculated. From here onwards, the terms mR and mF and their
collective noun ‘IVs’, refer to plot averaged values, rather than the
value for individual species.

An image of the study site was  acquired on 30 June 2012 with
the Airborne Prism Experiment (APEX) sensor, containing spectral
information in 228 bands from 507 to 2410 nm,  excluding spec-
tral regions with severe atmospheric absorption 1347–1434 nm
and 1804–1957 nm.  Ground resolution was 2.1 m.  Top of canopy
reflectance was generated by correcting the data for atmosphere
and geometry by the Flemish Institute for Technological Research
(Biesemans et al., 2010).

The image acquisition date (30 June) did not coincide with
the MSL  calculation period (March–April). However, although the
selection of plants is susceptible to environmental conditions at the
start of the growing season (March–April) when plants germinate
and start to grow (Runhaar et al., 1997), the visual expression of
this selection is most prominent during the growing season (end of
June–August).

The study site was extracted from the image (and slightly
reduced due to few clouds) using topographic map and field obser-
vations to delineate forests and tall shrubs. Spectral data was
extracted for each vegetation plot as a weighted average of all
pixels intersecting the extent of the vegetation plot. The image cov-
ered all but one plot. This was  compensated by measuring canopy
reflectance with an ASD (Analytical Spectral Devices, Inc., Boul-
der, CO, USA) FieldSpec Pro FR spectrometer in early August 2012
(see Roelofsen et al. (2013) for a detailed description of the sam-

pling procedure). The APEX spectral signature was reconstructed
by selecting FieldSpec bands that most closely resemble APEX
spectral bands. Resemblance between APEX and FieldSpec canopy
reflectance was  assessed from several other plots with joint mea-
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urements, revealing the FieldSpec reflectance slightly lower in
he Near Infrared range (NIR, 700–1500 nm)  but otherwise simi-
ar (data not shown). From this, we were confident to incorporate
he FieldSpec data into the spectral dataset.

The Dutch national elevation dataset (AHN-2, acquired over
he study site February–March 2009, (van der Sande et al., 2010))
as used to extract the following topographic variables: eleva-

ion, slope, aspect, exposition, profile and planofile curvature. It
as expected that these variables could enhance IV estimation,

specially mF  might be related to elevation (Ecker et al., 2010).
patial resolution was 0.5 m,  re-sampled using nearest-neighbour
echnique to match the APEX resolution. Topographic data was
ecovered for each plot as the weighted average of the pixels inter-
ecting the plot extent.

IVs were modelled with partial least squares regression (PLSR)
sing the observed IVs as dependent and the reflectance and
opography data as explanatory variables. PLSR is a multi-linear
egression technique that handles the often strongly correlated
pectral predictor bands well (Wold et al., 2001). It does so by reduc-
ng the dimensionality of the explanatory variables by projecting
hem into a certain number of new, orthogonal latent variables.
LSR models are calibrated by fitting the model to the training
ata, and validated by omitting one of the training points in the
alibration phase and estimating the dependent variable for that
oint (Leave One Out, LOO validation). Model accuracy is given by
he coefficient of determination (r2) and root mean square error
RMSE) during both the calibration (subscript ‘cal’) and valida-
ion (subscript ‘val’) phase. An optimal number of latent variables
NLV) minimises r2

cal to prevent over fitting and maximises r2
val to

chieve a generic model.
For each IV, a final PLSR model that maximised r2

val was
btained after iteratively cropping the explanatory variables to
hose with highest predictive power, following the procedure
escribed in Feilhauer et al. (2011). The modelling was done in R
R Core Team, 2013) using the pls package (Mevik and Wehrens,
007) and scripts adapted from Feilhauer et al. (2010).

The models were applied pixel-wise to the study site, resulting
n full spatial coverage mF  and mR  estimates. Because PLSR is a
inear model, IV estimates outside the theoretical boundaries (1–3
or mR  and 1–4 for mF)  are possible and occurred for maximum 1%
f the pixels in the study site. These pixels were set to no data.

.3.2. Translating IVs into pH and MSL
Correlations between plot IVs and site factors have been inten-

ively studied. Here, we use relations between mR  and soil pH
Cirkel et al., 2012; Witte et al., 2014) and between mF  and MSL
Bartholomeus et al., 2012). Both studies derived the relation from
egetation plots from throughout The Netherlands comprising a
ide range of measured abiotic conditions and vegetation types.

herefore, the relations are considered generally applicable in The
etherlands, contributing to the generality of our approach.

The pH–mR relation differentiates between moist to wet
mF  < 2.25, Eq. (1), n = 32, r2 = 0.45, RMSE = 19.3%) and moist to
ry (mF  > 2.25, Eq. (2), n = 58, r2 = 0.79, RMSE = 13.1%) sites, as plant
pecies adapted to high soil moisture content are less sensitive to
oil acidity (Cirkel et al., 2012). Note that Eqs. (1) and (2) are cali-
rated on the vegetation plot data in Cirkel et al. (2012) and not on
he plot data from this study.

Hmf<2.25 = 1.1258 exp0.6164 mR (1)
Hmf<2.25 = 1.1189 exp0.6258 mR (2)

The data of Bartholomeus et al. (2012) consisted of MSL values
ver the period 1971–2000 for 145 vegetation plots with known
 Observation and Geoinformation 43 (2015) 149–159

mF.  From this a non-linear model between MSL  and mF  was derived
(Eq. (3), n = 145, r2 = 0.76, RMSE = 12.4%).

MSL = ln( 3.5−mF
mF−1.9 ) − 1.6

4.6
(3)

Eq. (3) is asymptotic for mF  approaching 1.9 and 3.5, expressing
convergence towards aquatic vegetation and vegetation indepen-
dent of the groundwater table with deeper ground water levels,
respectively. In theory, the relation holds for 1.9 < mF  < 3.5, but
uncertainties in MSL  increase as the relation approaches its asymp-
tote. We  therefore constrained MSL  estimates to pixels with mF
estimates from 2.0 to 3.5 (approximately 95% of all study site pix-
els). Pixels with mF values outside this range were left blank in the
MSL  estimation. The pH–mR and MSL–mF relations were applied
pixel wise to the IVs estimates in order to generate full spatial
coverage pH and MSL  estimates (referred to as pHRS and MLSRS).

2.4. Validation

2.4.1. Validation data
Validation data represent actual measurements of the site fac-

tor, which are, in contrast to traditional source estimates and RS
estimates, point data and are measured in situ at the study site.

At the same 32 locations in the study site where the floris-
tic composition had been determined, soil pH-H2O (referred to as
pHfield) was  measured with a pH electrode (Hannah instruments,
IJsselstein, The Netherlands) during July–August 2012. Five mea-
surements were made within a 2 × 2 m plot, at approximately 5 cm
below surface level and averaged per plot. Soil pH varies slightly
during the growing season (Cirkel et al., 2012). Because the pH mea-
surements were spread over time, so variation is carried into the
dataset. While this creates some additional noise, we expect no
structural bias because Eqs. (1) and (2), as well as the soil type – pH
relation (Section 2.2.1) are derived from plots that were sampled
over different periods.

We converted pHfield to pH-KCL to align with pHtrad and
pHRS, using a linear function between both expressions of pH
from database of vegetation plots with both pH-H2O and pH-
KCl measurements (Wamelink et al., 2002) (n = 2219, r2 = 0.89,
RMSE = 5.28%). The final number of pH validation plots was  reduced
to 30: the one plot outside the APEX image extent was  discarded
and another plot lacked a pHtrad value because its location was
charted as open water in the soil map.

Groundwater level observations in 33 observation wells (OW)
were intermittently available over the period 1980–2013, with an
average of 19 consecutive years per OW.  OW locations cover the
entire study site, but few are located in the drier north and a few
clusters in the south create an over representation of expected
shallow MSL  values.

Each OW is representative for a larger area around it due to
gradual changes in the groundwater table around the OW.  As such,
OWs are well suited to validate the small scale (2 m)  MSL  estimates
from RS. MSL  variation within the extent of each 250 m NHI grid
cell will be exposed by OWs  located within this range. These OWs
are thus useful in exposing how NHI is insensitive to small scale
MLS  variation.

Two OWs  are located in the former agricultural parcels con-
verted to nature. See Fig. 3 for OW locations and note that OW
locations do not correspond to vegetation plot locations.

To obtain a representative, long term MSL  value that is compa-
rable between different OWs, the groundwater level observations
were extrapolated to a common period. This was  done by mod-

elling the response of the local water level to a an impulse of
precipitation using Menyanthes software (Von Asmuth et al., 2012).
Using historical precipitation and evaporation data from nearest
meteorological station to each OW,  MSL  could be modelled for
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ig. 1. IV estimates for the study site, resulting from partial least squares regress
bserved Indicator Values as dependant variable. Background: high resolution aeria

wo periods: 1966–1995 for validation MSLtrad and 1971–2000 for
alidation MSLRS. These two series were highly similar: Pearson
roduct moment correlation coefficient r = 0.99, p < 0.001. The MSL
alidation data are referred to as MSLfield.

.4.2. Accuracy assessment
The accuracy of all estimates was assessed by point-wise com-

arison with the validation data. pHtrad and pHRS and MSLtrad and
SLRS were extracted at the location of 30 vegetation plots and the

3 OWs  respectively. Equality between the observed and estimated
ite factors was assessed by a paired t-test, Nash–Sutcliffe coeffi-
ient (NSE) (Nash and Sutcliffe, 1970) and the root mean squared
rror (RMSE).

Two additional validation exercises were performed. Firstly, we
pplied Eqs. (1) and (2) to the observed mR  values at the vegetation
lots, yielding pHIVobs. This should reveal how pH estimates are

nfluenced by the PLSR modelling step. Note that this cannot be
pplied to MSL, because at no point in the study site do MSLfield
bservations coincide with observed mF.

Secondly, the spatial variance in pH and MSL  was determined to
heck for spatial autocorrelation. An omnidirectional sample var-
ogram was calculated for each two estimates of each site factor

s well as the validation measurements. The distance between two
lots and OWs, respectively, was grouped in distance intervals of
00 m up to a maximum distance of 1000 m.  Since the two  series
f validation MSL  data were nearly identical, we  used just one of
etween APEX hyperspectral and topographical data as explanatory variables and
tograph.

these for the variogram generation. All analyses were performed in
R (R Core Team, 2013) and ArcGIS (ESRI, Redlands CA. U.S.A.).

3. Results

3.1. IV estimates from remote sensing data

A large variety for mF  and mR  was observed for the 32 vegeta-
tion plots in the study site, indicative for waterlogged (mF  = 1.8) to
nearly completely dry (mF  = 3.9) sites and fully alkaline (mR  = 1.1)
to acidic (mR  = 2.6).

mR related strongly to the spectral data, with r2
val = 0.81. None

of the topographic predictors was retained during the band selec-
tion and 28 spectral predictors in the NIR and Short Wave Infrared
(SWIR, 1500–2410 nm)  regions related best to the mR  values. This
confirms NIR spectra being sensitive to leaf orientation and leaf area
index (LAI) (Asner, 1998), which are among the plant properties
that change between acidic and alkaline conditions.

The residuals of the estimated mR values at the 32 plots show
little to no relation to the observed mR  values (Supplementary data
1), indicating that structural deviation is absent.

mF was  moderately accurately modelled with r2
val = 0.62. Ter-

rain elevation was  the most important predictor for mF,  suggesting

moisture regime is greatly influenced by the sites’ elevation, and
thus, (roughly) by groundwater tables. In addition, spectral bands
located in the SWIR region were influential in the mF  model. This
conforms to SWIR spectra being sensitive for water content (Asner,
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ig. 2. pH Estimates from the soil map  (left) and from remote sensing (right). Note
H  was  measured in order to validate both estimates.

998). For most of the dryer plots (high mF), mF  was  underesti-
ated (Supplementary data 1).
Applying the PLSR models to the spectral and topographic data

f the study site gives a spatially explicit indication of mR  and mF
Fig. 1). The spatial pattern of mR  (left panel) reflects major vegeta-
ion types, with dry heather in the north being correctly labelled as
cidic and oligotrophic moist grasslands in the south having alka-
ine soils. The northerly sand dune ridges are correctly assigned
igh mF  values, reflecting the dry conditions there. Likewise, in the
rasslands surrounding the brook valley in south part of the study
ite, lower mF  values are encountered.

Looking at the estimated IVs for the vegetation plots, mR  and mF
re significantly correlated (r = −0.65, p < 0.05), meaning that low
R–high mF  (acidic-dry) and high mR–low mF  (alkaline-wet) often

oincide. This pattern is confirmed to some extent in the spatially
xplicit estimates (Fig. 1).

.2. pH Estimates from remote sensing and traditional sources

The soil map, from which pHtrad was obtained, had polygons that
id not reveal pH variation on a finer scale. It is also clear that the pH
alue can remain unchanged between soil types, resulting in equal
H over several adjacent polygons (Fig. 2, left panel). pH values in
he soil map  range from 3.4 to 5.2, with lower values observed north

nd west and a large swath of alkaline values following the rivulet
ow south to north east.

The range of pHRS estimates, as derived from the pH–mR rela-
ion is wider: pH 2.1–7.9. A broad distinction between acid soil in
he same colour scale is used for both maps. Yellow dots are vegetation plots where

the north and alkaline soils in the south is again apparent. Small
local acidic patches are detected in the south–east, as well as more
alkaline conditions in the north east (Fig. 2, right panel). Note that
the colour scale is identical for both maps in Fig. 2. This clearly
reveals that remote sensing estimated more extreme pH values.

3.3. MSL  estimates from remote sensing and traditional sources

MSLtrad values for the study site were extracted from the NHI
model, ranging from 0.043 m to 4.36 m (Fig. 3, left panel). A sin-
gle NHI pixel had no value assigned due to open water bodies on
that location. Especially in the southern tip of the study site low
MSL  values are detected. This is in line with the recent wet nature
development schemes in that area. The general extent of the small
rivulet is evident from the lower MSL  values. Higher MSL  values are
found below the sand dune ridges in the north. Numerous pools are
present in the northern dry and moist heather area, even though
the NHI suggests deep MSL  values here. This indicates that the pools
are presumably predominantly rainwater fed.

MSLRS does not attain as large MSL  values as the NHI (maxi-
mum MSL  = 3.21 m)  but do estimate up to slightly above soil surface
(−0.24 m).  Off all pixels in the study site, 9.3% have negative MSL
values estimated, compared to none in the NHI. Due to the con-
straints on the mF values that were legible to translate to MSL

(2.0 < mF  < 3.5), the spatial coverage of estimated MSL  values was
approximately 5% smaller compared to the coverage of mF esti-
mates. MSLRS estimates attain the deepest values North West in the
study site, amidst the pools (Fig. 3, right panel). In the grasslands
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ig. 3. NHI estimates of MSL  (left) and remote sensing based MSL  estimates (right)

ollowing the rivulet the lighter blue colours indicate a shallow MSL.
ote again that the colour scale is identical for both maps in Fig. 3,
learly visualising the wider range of MSL  estimates from the NHI.

.4. Validation pH estimates

A complete overview of all validation exercises is provided in
able 2. According to the validation, pHtrad estimates differ signif-
cantly from the observed values (paired t-test, p < 0.05) and NSE
etween the observed and estimated pH values is 0.26 (Fig. 4, left
anel). This is mainly due to the little variation observed for the
oil map  pH estimates at the 30 plots. In fact, only seven unique
H values are observed, clustered in a group of plots with mildly
lkaline soil with pH ∼4.8 and plots with acid soil with pH ∼3.5.
ost plots are overestimated compared to the pH observations.
pHRS shows more variation compared to pHtrad (see also Fig. 3).

n general, pHRS follows the 1:1 line with field observations,
lthough large deviations are observed for individual plots. The
ean estimated values are not significantly different from the

bservations (paired t-test, p = 0.43), but the NSE is low at 0.26.
The inset graph (Fig. 5, left panel) shows the additional valida-

ion of pHIVObs values plotted against pHfield. It shows how the pH
stimates would relate to the field measurements if the PLSR mod-
lling introduced zero error. Surprisingly, the RMSE of this relation
s highly similar to the RMSE of the main plot where pHfield and

HRS are compared. This suggests that the PLSR modelling did not

ntroduce additional error.
For both sources of pH estimates, it appears that the highest

nd lowest observed pH values are often under and overestimated,
w dots are observation wells where MSL  was measured to validate both estimates.

therefore, the full range of observed pH is not matched by any
estimation source. The semivariance values of the soil map  esti-
mated pH values are consistently lower than the semivariance of
the observed and RS based estimates (Fig. 5). This also points to
much less variability in the soil map  estimates. Also, the semivari-
ance values do not rise steeply until about 600 m distance. This
could point to a polygons size of several km within which cor-
relation is high. The semivariance of pHfield and pHRS is highly
comparable throughout all distances, except for the smallest dis-
tance where a nugget effect (i.e. relatively high semivariance at the
minimum distance) is observed for pHfield. Such short scale pH vari-
ations are apparently not recognised by the RS estimates (for which
semivariance is nearly 0 at the shortest distance), but over increas-
ing distances the RS estimates match the actual spatial variation in
pH.

3.5. Validation of MSL estimates

The two series of MSLfield were nearly identical, although small
differences can be observed in the right panel of Fig. 4. MSLtrad tends
to overestimate MSL  values (i.e. too deep ground water levels),
with values up to 2.2 m,  while the observations only just exceed
1 m.  MSLtrad differed significantly from the observations (paired t-
test, p < 0.05). The NSE is <0 (Table 2), which indicates that mean
MSLfield exceeds the accuracy of the NHI as estimator of MSL. MSLRS

does not attain large MSL  values (Supplementary data 1) as these
require high estimated mF  values. Therefore, most relatively high
observed MSL  values are underestimated by MSLRS. Negative MSLRS
estimates are obtained when mF  < 2.17 and this is often the case,
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Fig. 4. Scatterplot of observed and estimated pH (left panel) and MSL  (right panel). Open dots are estimates from the traditional source; black dots are estimates from remote
sensing. The inset graph on the left shows again field measured pH on the horizontal axis and on the vertical axis a pH estimate (pHIVObs) acquired from applying the mR-pH
relation directly to observed mR  values, i.e. pH estimates without the remote sensing component.
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ig. 5. Omnidirectionalvariogram of pH (left panel) and MSL  (right panel) as deriv
grey  dot).

ven for OWs  where the observed MSL  is nearly 1 m.  Overall, the
SLRS tend to increase in value with increasing MSLfield and does

ot differ significantly from MSLfield (paired t-test, p = 0.19). How-
ver, the deviations of the estimates from the observed values are
arge, leading to a very low NSE (0.01).

The semivariance of the MSL  estimates and observations is over-

ll much lower compared to pH. For distances >200 m the spatial
orrelation is highest for MSLRS, which is indicative for the retarded
ange of MSL  estimates. At the same time, MSLRS shows a nugget
ffect, meaning MSLRS estimates can differ over short distances.

able 1
ummary statistics of PLSR model calibration (cal) and validation (val). Sig. bands = signifi

Indicator value # Plots # Bands # Sig. bands 

mR 32 28 23 

mF  32 189 39 
m traditional source (open dot), remote sensing (black dot) and field observations

The MSLfield variogram also shows a small nugget effect. Spatial
correlation is observed for all three MSL  sources up to about 180 m,
beyond which the semivariance strongly increases.

4. Discussion
4.1. Accuracy of site factor estimation

Spatially explicit estimates of two  site factors (pH and MSL)
from both traditional sources (a soil map  and the NHI hydrolog-

cant bands, NLV = number of latent variables and RMSE = Root Mean Square Error.

NLV r2
cal r2

val RMSEcal RMSEval

3 0.86 0.81 0.16 0.19
4 0.79 0.62 0.27 0.36
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Table  2
Overview of the validations that were performed on the various estimates of pH and mean spring groundwater level (MSL). NSE = Nash–Sutclife coefficient, RMSE = root mean
square error and p = paired t-test and NL = the Netherlands.

Site factor Estimation source Validation source # Points Type and origin validation point NSE RMSE p

pHtrad Soil map  Field measurement 30 Vegetation plot in study site 0.26 0.86 <0.05
pHRS Remote sensing Field measurement 30 Vegetation plot in study site 0.26 0.86 0.43
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pHIVObs Eq. (1) and 2 applied to observed mR  Field measurement 

MSLtrad NHI model Modelled MSL  1966–199
MSLRS Remote sensing Modelled MSL  1971–200

cal model) and from a RS – topographical data mix  were validated
gainst field measurements of pH and MSL. We  found for pH that
oth sources were about equally accurate, while for MSL  the RS
stimates more closely resembled observed MSL.

We can reasonably identify the sources of errors of the tradi-
ional sources. The soil map  suffered from a temporal mismatch
etween the map  surveying and validation measurements, as well
s the low spatial resolution due the large polygons and identical pH
alues assigned to different soil types. The NHI model was  intended
or national use and thus unable to include small local features that
nfluence hydrology. While it models the hydrological situation on

 national scale accurately, large inaccuracies are inevitable on a
mall scale as this study indicated. These would be revealed when
everal validation OWs  are located inside a single NHI cell, as was
he case for two cells in the southern end of the study site. These
Ws  appear in Fig. 4 as points on a horizontal line, with identical
SLtrad but different MSLfield values.
RS estimates also suffered from methodological flaws. Their spa-

ial coverage was reduced to that type of vegetation for which IVs
re truly indicative of the site conditions and thus omits forests, tall
hrubs, agricultural land and intensely managed land. This weakens
he idea that RS offers full coverage estimates. Also, weather condi-
ions, flight schedules, as well as the associated costs can constrain
cquisition of suitable RS data and thus impede the implementation
f RS approach.

The correlation of estimated mR  and mF  (r = −0.65, p < 0.05) is
lso a drawback of the RS approach, because it demonstrates that

 few mR–mF  combinations are overly favored by the PLSR model.
n this case acidic-dry and alkaline-wet situations. Possibly, wet-
cidic situations are underrepresented in the PLSR calibration data,
r the model is poor in estimating extreme values of both IVs simul-
aneously. The latter is a known issue of linear models (Roelofsen
t al., 2014; van Bodegom et al., 2013).

Neither the spatial resolution of the RS nor that of the tradi-
ional sources appeared to match the spatial correlation pattern of
he field observations. pHtrad is highly correlated for distances up
o about 250 m (Fig. 5), while pHfield already varies considerably
y then. Naturally, small scale pH variations such as in the alkaline
ectangular area north in the study site are not detected in the soil
ap. pHRS estimates covariance is so high that the small nugget

ffect in the pHfield is overlooked, but follows the spatial corre-
ation of pHfield well for larger distances. Likewise, the variogram
f MSLfield shows that up to about 180 m distance, MSL  has high
ovariance (Fig. 5). Estimating MSL  then every 2.5 m,  as with the
S image, may  be superfluous. On the other hand, the 250 m NHI
ixels are prone to overlook smaller details, such as the particularly
rier region in the south east of the study site that is detected by
he RS data.

The RS estimates are at least as accurate (pH) or more accu-
ate (MSL) than the traditional sources. This is likely due to the
elative highly accurate IV estimates that underlie the pH and MSL
stimates. For mF  r2

val was only slightly below r2
val reported in
oelofsen et al. (2014) and both mF  and mR  estimation accuracy
xceeded that of Schmidtlein (2005). Local vegetation plot data
urveyed close to image acquisition was a key ingredient for an
ccurate relation. Another component was the long gradients in
32 Vegetation plot in study site 0.24 0.87 0.06
36 Observation well in the study site −1.82 0.64 <0.05
36 Observation well in the study site 0.01 0.39 0.19

mR  and mF  (Schmidtlein, 2005) of which the extreme points lever-
aged the predictive power of PLSR. The gradient of mF  was  from
low mF  (wet) to high mF  (dry) from low elevation along the small
river to high elevation along the northern sand ridges. Vegetation
properties that modulate canopy reflectance such as chlorophyll
and water content will have covaried with the mF gradient. Like-
wise, correlation between mR  and spectral data may  be attributed
to co-variance of mR with vegetation structure. Acidic soils hosted
moist and dry heather vegetation with small shrub like and open
canopy structure, in contrast to low and densely grown graminoid
and forb vegetation found on more alkaline soils. Leaf orientation
and surface area, as well as presence of woody components and
increased internal canopy scattering may  have been the underly-
ing vegetation properties that created a distinct spectral signature
for acidic and alkaline vegetation.

Despite the accuracy of the IV estimates, the final accuracy was
relatively low: the accuracy of the pH estimates did not exceed
0.86 pH units, which is approximately 22.5% of the range of pHfield.
This bandwidth of the pH estimate is sufficient to distinguish acidic
from alkaline sites, but prevents more accurate and quantitative
acidity variations. Whether the obtained accuracy satisfies the
demands on estimation accuracy depends on the vegetation. The
mesotrophic moist grasslands around the rivulet are characterised
by a narrow tolerance towards acidity fluctuations. Over or under-
estimating nearly a full pH unit may thus lead to an unrealistic
assessment of the suitability of an area for such vegetation. On the
other hand, Molinia caerulea tolerates widely varying environmen-
tal conditions. When determining the occurrence potential for such
vegetation, a mis-estimation of 0.86 pH is thus of less consequence.

Some uncertainties arise from the mR–pH relationship that we
used data from a national study (Cirkel et al., 2012). This relation
is calibrated on vegetation plots from throughout The Netherlands
and can thus be implemented anywhere in the country. As such,
we avoided locally calibrated solutions and ensured that our esti-
mated pH values are comparable with other implementations of
this relation. The mR–pH relationship of Cirkel et al. (2012) did,
however, had a RMSE = 1.17 for moist to wet sites (mF < 2.25) and
RMSE = 0.66 for dry sites (mF  > 2.25), which is comparable to the
pHIVObs ∼ pHfield calibration (RMSE = 0.87). A much better fit could
thus not be obtained.

The applicability of the mF–MSL relation derived from national
database of Bartholomeus et al. (2012) could not be determined in
a similar fashion. The accuracy of MSLRS (RSME = 0.39) was below
the accuracy of the mF–MSL relation (RMSE = 0.24, data not shown),
but it is reasonable to assume that the RS modelling of mF  is at least
partly responsible for this. The mF–MSL relation is tailored to the
range of MSL  values were the groundwater level still directly influ-
ences the vegetation, so the relation does not hold for groundwater
independent vegetation. Judging by the RS estimated mF  values,
8% of the study site was out of line for the mF–MSL relation. This
strengthens the legitimacy of using this relation. By constraining
application of Eq. (3) to mF  not exceeding 3.5, the deepest pos-

sible estimated MSL  was  approximately 2.95 m.  With MSLfield not
exceeding 1.1 m,  the mF–MSL relation was  in theory suitable for
estimates in this site. Instead, and unlike the situation for pH, the
high uncertainties seem to be due to uncertainties in the PLSR
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Table 1). Lower and higher end values of mF  were hardly predicted.
till, despite the uncertainties associated with our RS-approach, its
MSE was clearly better than the one associated with the national
ydrology model.

MSL  was estimated through mF  in earlier work (Kaiser et al.,
012), but we cannot benchmark MSLRS estimates this work
ecause MSL  was  not validated in Kaiser et al. (2012).

Whether inaccuracies in MSL  estimation are a problem depends
n the specifics of the vegetation. When the groundwater table is so
eep that it does not affect the vegetation, an error of 0.39 m in esti-
ated MSL  is irrelevant. In those cases, vegetation occurrence and

cological processes are modulated by other site factors such as e.g.
cidity, soil porosity and grazing. The more specific the demands
ade by a plant species to its site conditions, the less likely the site

actor will be estimated with sufficient accuracy. Consider the olig-
trophic moist grassland along the rivulet, whose optimal growing
onditions consist of water tables up to near soil surface. An error
f 0.39 m between estimated and true MSL  can decide the change
f survival of such valuable species. In such situations, calibration
f a local hydrological model may  be the best solution.

.2. Implications for ecological assessments

This research demonstrated that acquiring full spatial coverage
ite factor estimates is fraught with certain inaccuracies. We  indi-
ated that the severity of these errors depends on the ecological
pplication at hand and the magnitude of the error depends on the
ource of the site factor estimate. If such site factor estimates are to
e used in subsequent ecological assessments, it essential to take
hese errors into account. Among applications of our work are using
ite factors to model floral (Witte et al., 2007) and faunal (Guisan
nd Thuiller, 2005) diversity, as well as benchmarking site factors
gainst vegetation type requirements or regulations.

Although this was not quantified by actually carrying the esti-
ated site factors forward as model input, it is likely that their large

ncertainty would create an ambiguous model outcome at best. In
nother application (Roelofsen et al., 2014), the low accuracy of an
cological modelling exercise was indeed attributed to the errors in
he remote sensing derived IVs that had been used as model input.
ecause these errors were spatially known, areas with particularly
educed accuracy could be identified.

In ecological assessments and species distribution modelling,
nput data are often accepted as is and any inaccuracy in the out-
ome is attributed to the model or process itself. Indeed, only the
mportance of biological causes of prediction errors is recognised
Guisan and Thuiller, 2005) while the accuracy of input data such
s land cover seems to be neglected (Thuiller et al., 2004). This
esearch shows that inaccuracies are as likely in the input data as
n any model itself and should be taken into consideration. Prefer-
bly, the spatial variation of the accuracy itself is quantified so that
loser inspection can be targeted to specific locations.

In our approach, modelling of site factors from RS was a two
ier process that was validated at every stage. Therefore, overall
ccuracy could be retraced to each step so that potential additional
ata collection or refinement can be targeted. The flexibility and
ccountability of our RS approach is an advantage compared to
he ‘as is‘ nature of the traditional sources. This accountability is
ssential for an integrated evaluation of the error and uncertainty
ccumulation in ecological assessment studies and to undertake
emedial response such as applying an accuracy threshold.

Our approach is in principle replicable in any natural area where
he vegetation is an expression of site factors and can be described

y the IV system. IVs were accurately modelled here, but it is unreal-

stic to carry these PLRS models to another study area (Feilhauer and
chmidtlein, 2011). A local solution where local vegetation plots
everage gradients in vegetation and site factors is then required
 Observation and Geoinformation 43 (2015) 149–159

to replicate our approach. High accessibility of natural areas in The
Netherlands makes it easy to acquire new vegetation plots for PLSR
model fitting. Areas exempt from our approach are those where
variation in site factors and consequently vegetation is poor, or
where vegetation with wide tolerance towards site factors dom-
inates. In such areas, IVs fail to describe site factors and the lack of
variation dilutes the spectral expression of IVs. In absence of local
vegetation plots, legacy plots can be used (Roelofsen et al., 2014)
whilst risking that the floristic composition has changed since the
image acquisition.

5. Conclusions

We  found that full spatial coverage information on site factors
is in demand for ecological assessments, such as species modelling
or benchmarking a natural area towards species requirements or
regulations. However, the accuracy of traditional sources of such
information is hardly known. RS processing techniques may  pro-
vide an alternative method to derive the desired information. In all,
more accurate estimates of the site factors were derived from spec-
tral and topographical data compared to traditional data sources. In
addition, this approach allowed us to quantify the uncertainties in
the estimates. The uncertainties suggest that the absolute estima-
tion accuracy of any of the data sources may  fall short, for example
if the MSL  estimation error exceeds the narrow tolerance range of
species towards MSL. Whether or not RS provides a viable alter-
native can thus only be decided in the light of the application at
hand. The investment in acquiring and processing RS data, the spa-
tial and temporal scale, the desired data type and the availability
of traditional sources should be considered to come to a balanced
decision on how to obtain the desired site factor information. If the
RS methodology is applied based on local vegetation plots in an area
with strong site factor variation, we think that our approach can
alleviate some of the downsides of traditional sources namely their
low spatial resolution and possible temporal mismatch. Whatever
the outcome, however, we recommend quantifying and integrat-
ing the accuracy of the source data, preferably by use of validation
measurements.
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