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Declining foliar phosphorus (P) levels call increasing attention to the cycling of this element

in temperate forests. We explored the fluxes of P in a temperate mixed deciduous forest

ecosystem in six distinct hydrological compartments: Bulk precipitation and throughfall,

soil water draining laterally from three different soil depths (0–15, 15–150, 150–320 cm

below soil surface), groundwater, creek and spring discharge, which were sampled

at daily to bi-weekly resolution from March 2015 to February 2016. Atmospheric P

fluxes into the ecosystem were equally partitioned between wet and dry deposition.

Approximately 10% of the foliar P stock was lost annually by foliar leaching during

late summer. The concentrations of dissolved P in soil water from the forest floor and

upper mineral topsoil followed a pronounced seasonal cycle with higher concentrations

during the vegetation period. The concentrations of P dissolved in soil water decreased

with increasing soil depth. Using an end member mixing analysis (EMMA) we found

that P sources feeding the spring water were both soil water from greater depths or

groundwater with season specific contributions. Atmospheric P fluxes into the ecosystem

determined in this study and P-release from weathering reported for the research site

were large enough to compensate P losses with runoff. This suggests that declining

foliar P levels of forests are unlikely the result of a dwindling total P supply, but rather

caused by tree nutrition imbalances or alternative stressors.

Keywords: hydrological P cycle, canopy P balance, atmospheric P deposition, groundwater, discharge, soil water,

EMMA, periphyton

INTRODUCTION

The primary productivity of forest ecosystems is often limited or co-limited by P availability
(Elser et al., 2000, 2007; Vitousek et al., 2010; Achat et al., 2016). Over the past decades, foliar P
concentrations were observed to decline in temperate forests but it is not yet clear whether this
decline indicates P limitation (Duquesnay et al., 2000; Jonard et al., 2014; Talkner et al., 2015).
Thus, better constraints on P cycling in forest ecosystems are required to identify the mechanisms
of the respective forest ecosystem functioning (Lang et al., 2016, 2017).
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The P cycle in temperate forests depends mainly on the
general boundary conditions of the past and present, which are
the drivers of the local ecosystem development (Walker and
Syers, 1976). Important boundary conditions include lithology as
the original source of most ecosystem P as well as climate and
topography as controls of the water cycle, erosion-sedimentation,
weathering processes and soil development, through which the
bio-availability of P is determined (Laliberté et al., 2013). Fluxes
of P across the ecosystem boundaries occur through runoff and
atmospheric transport, which may result in either net gains or
losses (Newman, 1995; Mahowald et al., 2008; Buendia et al.,
2010; Tipping et al., 2014). The P deposition in bulk precipitation
and throughfall mostly exceeds the P export by discharge (Cole
and Rapp, 1981; Sohrt et al., 2017), but this does not necessarily
imply that the overall P balance is positive. The P exports from
an ecosystem via atmospheric pathways, e.g., pollen dispersion,
are hard to quantify, which likely causes overestimation of net
atmospheric deposition (Doskey and Ugoagwu, 1989; Newman,
1995; Tipping et al., 2014). Average estimates for above canopy
atmospheric deposition mostly range from 10 to 100mg P m−2

a−1; discharge losses are typically in the range of 1–10mg P m−2

a−1 (Cole and Rapp, 1981; Sohrt et al., 2017).
In comparison to abiotic fluxes across ecosystem boundaries,

internal P fluxes within ecosystems associated with biotic
processes are much larger (Rodin et al., 1967; Cole and Rapp,
1981; Turner, 1981; Compton and Cole, 1998; Ilg et al., 2009;
Bol et al., 2016). Litterfall represents a flux of 100 to 500mg P
m−² a−1, about 60–80% of which is contained in foliar litter
(Sohrt et al., 2017). Plant nutrient uptake from soil necessarily
exceeds nutrient fluxes from litter fall, since P in growing tissue
and losses via dead roots or herbivory have to be additionally
compensated for. Another biotic flux within temperate forests
highly relevant to the internal P cycling is related to bacteria
and fungi. The microbial biomass comprises on average 20–
40% of the total biomass P, which cycles at the scale of weeks
to months (Raubuch and Joergensen, 2002; Spohn and Widdig,
2017), whereas P contained in woody biomass may persist for
years to decades. While its measurement is still challenging,
microbial uptake and subsequent leaching from dead microbial
biomassmust be considered asmajor internal fluxes in the P cycle
of temperate forests (Horwath, 2017).

Quantifying P fluxes within the hydrological cycle has been
identified as a priority to close gaps in a full quantification of
P cycling in forest ecosystems (Bol et al., 2016). Fundamental
observations made so far include the following: When passing
through the canopy, rainwater is on average enriched 2-fold in P
and the P content is doubled again during percolation through
the forest floor (Sohrt et al., 2017). Beneath the forest floor,
dissolved P concentrations and fluxes decline with increasing
depth since P is effectively retained during percolation through
the upper mineral soil (Cole and Rapp, 1981; Persson and
Broberg, 1985; Jansson et al., 1986; Killingbeck, 1986; Stevens
et al., 1989; Brown and Iles, 1991; Qualls and Haines, 1991;
Saa et al., 1993; Sparling et al., 1994; Compton and Cole,
1998; Kaiser et al., 2001a,b; Sohrt et al., 2017). In contrast
to throughfall and water in the forest floor, soil water, and
groundwater in the weathered and fractured bedrock features
the lowest dissolved P contents of all hydrological compartments

(Dillon and Kirchner, 1975; Timmons et al., 1977; Reckhow et al.,
1980; Mulholland et al., 1990; Qualls et al., 2002; Schwärzel et al.,
2012; Verheyen et al., 2015). Thus, due to the large variation of
P concentrations, discharge generation from either groundwater
or soil water sources may control the P concentrations of stream
water. Supporting evidence for this assumption stems from time
series of dissolved P contents in groundwater and discharge in
forested headwaters showing that P concentrations in discharge
are consistently higher and more variable than in groundwater
(Verheyen et al., 2015).

However, the dissolved P concentrations in forest
headwater catchments are not only controlled by the
contribution from different runoff sources, but also by abiotic
adsorption/desorption processes or biotic in-stream processes.
For example, biota in the stream channel can seasonally act both
as a source and sink of P, effectively shaping the P concentration
in lower order forest streams (Gregory, 1978; Munn and Meyer,
1990; Hill et al., 2001; Mulholland, 2004; Winkelmann et al.,
2014). A short period of higher P concentrations in streamflow
has been observed when freshly fallen litter enters the stream,
which is attributed to P leached from litter (Triska et al.,
1975). A simultaneous pulse of P leaching from the forest floor
directly after litter fall has also been reported (Gosz et al., 1973;
Baldwin, 1999). After initial leaching of rapidly mobilizable
P, net retention of P in microbial biomass in the stream takes
place, which may extend into the early summer of the following
year, causing a depression of P concentrations (Sedell et al.,
1975; Mulholland, 1992, 2004; Mulholland and Hill, 1997). By
applying a radioactive phosphate tracer (32PO4

3−), Elwood et al.
(1983), and Mulholland et al. (1985) showed that the average
uptake length of phosphate between desorption and resorption
in low-order forest streams is in the range of 5–160m, and
that the uptake length increases from the time of litter fall to
summer. Similar mean uptake lengths have been recorded for
ammonium, while mean uptake lengths for nitrate appear to
be substantially larger (Peterson et al., 2001; Webster et al.,
2001; Bernhardt and Likens, 2002). Apart from the in-stream
heterotrophic decomposer community, periphyton can also
shape P concentrations. Since the primary productivity of
periphyton is limited by sunlight, its P consumption and hence
decreasing P concentrations are restricted to the time before
spring budbreak (Friberg et al., 1997; Mulholland and Hill, 1997;
Hill et al., 2001; Winkelmann et al., 2014). As a consequence,
P concentrations in low order forest streams appear to be
either chemostatic, with little or no changes in response to
discharge and seasonality (Meyer and Likens, 1979; Benning
et al., 2012), or biotically controlled, with minima in spring and
fall (Mulholland, 1992, 2004; Rosemond, 1994; Mulholland and
Hill, 1997; Roberts et al., 2007; Zelazny and Siwek, 2012; Bernal
et al., 2015; Verheyen et al., 2015).

In summary, a number of studies addressed single fluxes
of P in great details, but studies exploring relationships
between multiple input and output fluxes are scarce, especially
for forested catchments. We therefore aimed to quantify
hydrological output fluxes of P and relate them to P
gains from atmospheric deposition. By sampling water at
daily to bi-weekly resolution from six distinct hydrological
compartments—bulk precipitation, throughfall, subsurface flow
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in three depth increments, groundwater, spring discharge, and
creek discharge—we determined mobilization and transport of
P as well as their temporal variation. We focus on the P
canopy balance, the relative contribution of P from soil water
and groundwater to discharge in a spring and a first order
headwater, and the respective P fluxes. In this way, we intend
to spotlight P fluxes in different hydrological compartments and
their relation to each other as well as to investigate, whether the
observed changes in forests P cycles are explained by unbalanced
P budgets.

Study Site
The study was conducted at the “Conventwald” research site
located in the Black Forest, Germany (48◦02’0N, 07◦96’0 E). Our
study area consists of two neighboring watersheds: the “creek”
catchment with long-term discharge monitoring of a headwater
creek, and the “spring” catchment. The average elevation of
the two headwater catchments was 840m a.s.l., mean annual
temperature was 6.6◦C, and mean annual precipitation was
1,749mm a−1. Being part of the European “Level II” (ICP
Forest) environmental monitoring network, the Conventwald
was equipped some decades ago with instruments to monitor
bulk precipitation and throughfall, soil moisture, soil water, and
stream discharge in the creek catchment. New instrumentation
in the spring catchment included 10m long collectors for lateral
subsurface flow, collecting water at three depth intervals (0–15,
15–150, 150–320 cm below soil surface), a groundwater well with
a depth of 15m drilled through the saprolite into the fractured
bedrock and a weir at the spring catchment. The subsurface
flow collectors including their installation are described in detail
in Bachmair and Weiler (2012).Time series of soil moisture,
bulk precipitation, throughfall, and plant-phenological data were
kindly provided by the Forest Research Institute of Baden-
Wuerttemberg (FVA). With a surface area of 0.086 km², the creek
catchment was slightly larger than the spring catchment with
an area of 0.077 km². Exposition was south-east for the creek
catchment and south-south-west for the spring catchment. The
average slope was about 20◦ at both catchments. In the creek
catchment, an open channel bed was present, reaching up to 40%
of the way from the catchment outlet to the ridge, the upper part
of which was ephemeral. By contrast, the spring catchment had
no permanent surface water flow at all and was instead drained
by a spring at the catchment outlet. It was evident, however,
that this spring did not represent the complete discharge from
the catchment area, as additional below ground discharge was
visible somemeters down-slope in the form of water leaking from
a road cut. The existence of below ground discharge was also
evident since the specific discharge from the spring catchment
is only ∼60% of that from the creek catchment, which, given
their topographic and hydrological similarity, was not plausible.
Therefore, below ground discharge from the spring catchment
was estimated in such a way that its average specific discharge
(discharge rates normalized to catchment area) matches that of
the creek catchment.

At the creek catchment the vegetation consisted of European
beech [Fagus sylvatica (L.), ∼69%] and White fir (Abies alba
(Mill.), ∼31%) (Lang et al., 2017). At the spring catchment,

the tree species distribution was slightly different with 45%
Norway spruce [Picea abies (L.)], 40% European beech
[Fagus sylvatica (L.)], 15% Douglas fir [Pseudotsuga menziesii
(Mirb.)] and small amounts of White fir [Abies alba (Mill.)]
[personal communications, Forest Research Institute Baden-
Wuerttemberg (FVA), 2018]. The soil type in both catchments
was a Hyperdystric Skeletic Folic Cambisol with a loamy or sandy
loamy texture and amor-typemoder forest floor atop (Lang et al.,
2017). The soils have formed on periglacial slope deposits and the
uppermost meter of soil had a rock fragment content of about
70% (Lang et al., 2017). The dominant fraction of P in the forest
floor is organically bound. In the mineral soil, the portion of
organically-bound P decreased with depth and, in turn, that of
P bound to secondary Fe- and Al oxides increased (Lang et al.,
2017; Uhlig and von Blanckenburg, 2019b).Weathered bedrock
was found at a depth of 7m and parent bedrock (paragneiss)
at 15m (Uhlig and von Blanckenburg, 2019a). The dominant
P-containing mineral in unweathered paragneiss bedrock was
apatite, as inferred from scanning electron microscopic imaging
in combination with elemental analyses with energy-dispersive
X-ray spectroscopy (unpublished data).

As the Conventwald study site is part of the ICP Forest sites,
extensive scientific background information is available on the
topics of hydrology (Uhlenbrook et al., 1998; Hangen et al., 2001),
soils (Kohler et al., 2000), and plant water use (Rennenberg and
Schraml, 2000; Magh et al., 2017). The Conventwald site is also
part of the DFG-funded priority project (SPP 1685): Ecosystem
Nutrition—Forest Strategies for limited Phosphorus Resources,
providing background information on soil P speciation (Prietzel
et al., 2016; Lang et al., 2017; Stahr et al., 2017; Werner
et al., 2017), colloidal P transport in soil water and streamflow
(Missong et al., 2016, 2017; Gottselig et al., 2017), and on P
cycling in plant and microbial biomass (Heuck et al., 2015;
Bergkemper et al., 2016; Zavišić et al., 2016).

METHODS

Sampling
Sample collection was carried out from 01.03.2015 to 25.02.2016.
Daily samples of groundwater, creek, and spring discharge were
taken at midnight with automatic samplers. Bulk precipitation,
throughfall, and lateral subsurface water were sampled in bulk
containers and collected twice a week. To avoid contamination,
the precipitation samplers were covered with a netting of
0.5mm mesh size. Stemflow was only assessed with respect
to water flow (no P concentrations). For the purpose of this
study, water flow associated with stemflow was included into
the throughfall fraction and assumed to feature comparable P
concentrations. For some tree species stemflow has been found
to be highly enriched in P compared to throughfall (Schroth
et al., 2001; Neal et al., 2003). However, the few available studies
on Fagus species’ stemflow P concentrations found them to
be roughly equivalent to throughfall (Voigt, 1960; Nihlgård,
1970). The reson for this may be, that Fagus sylvatica produces
relatively large quantities of stemflow, causing a dilution effect.
All precipitation samples with visible particular contamination
were excluded from further analysis. All samples were stored
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in polypropylene bottles that were cleaned prior to sampling
with P-free detergent and deionized water (Milli-Q, 18 M�·cm).
After collection, all samples were filtered through membranes of
0.8µm pore size (Supor-800, Pall Laboratories) and aliquots for
analyses were taken. Sample acidification to pH 3 with ultrapure
concentrated nitric acid was restricted to samples used for P
analysis. All aliquots were stored at 8◦C.

To assess the mobilization and retention of P in water
passing through canopy, forest floor and mineral soil, changes in
concentrations and fluxes of P in bulk precipitation, throughfall,
runoff from the forest floor (ca. 0–15 cm), and the upper mineral
soil (15–150 cm) over time were compared. Only 17 samples
could be collected from the deepest soil layer (150–320 cm),
and thus, the temporal variability of P concentrations in this
hydrological compartment was not assessed. Continuous time
series of water levels were recorded at weirs at the outlet of
the two catchments and at the groundwater well. Water levels
in the weirs were transformed into discharge using discharge
rating curves. From March to June 2015, three peaks in deep
groundwater levels were not fully recorded, since the sensor
(Ott Orpheus Water Level Logger) was placed too low and the
maximum measureable head was exceeded.

Analytical Methods
Total P concentrations were measured in the “HELGES”
Laboratory at GFZ Potsdam (von Blanckenburg et al., 2016)
using a high resolution Inductively-Coupled-Plasma Mass
Spectrometer (ICP-MS; Element 2, Thermo Fisher Scientific,
Bremen, Germany). Tests prior to the measurements showed
that matrix-matched calibration was not needed, since no
significant matrix effects were observed in the concentration
range of the major elements. Accuracy and precision of the P
determination was assessed using two international reference
standards (National Research Council of Canada, SLRS-5, and
U.S. Geological Survey, M-212) as well as four laboratory
standards resembling a typical river-water matrix containing
major constituents (Ca, Mg, K, Si, Na, S, P) and trace constituents
(Cu, Ni, Zn, Ti, and Fe) prepared from single element standards.
The overall uncertainty of the P measurement was below 10%
for the encountered range of concentrations. Concentrations of
Ca, Na, K, Mg, and S were analyzed at GFZ Potsdam using
Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES; 720ES, Varian, Mulgrave, Australia) following the
procedure described by Schuessler et al. (2016) with relative
uncertainties better than 10%. Concentrations of total dissolved
carbon (C) and nitrogen (N), and dissolved inorganic carbon
(DIC) were analyzed using a Shimadzu (Kyoto, Japan) Vcpn
analyzer. DIC concentrations were all below the detection
limit of 50 µg l−1. Thus, dissolved carbon concentrations are
considered as organic carbon. Chloride was measured with an
ion chromatograph (790 Personal IC, Metrohm, Filderstadt,
Germany) at the Chair of Soil Ecology, University of Freiburg.

Data Evaluation
Due to its high aerodynamic roughness, the canopy was expected
to act as an efficient aerosol trap. As a result, P derived
from dry deposition should have increased the P concentration

in throughfall compared to bulk precipitation. In addition,
P may have been leached from leaves, pollen, insects, and
microorganisms within the canopy. To estimate fluxes of wet
and dry P deposition as well as canopy leaching, the canopy
balance model of Ulrich (1983) was used. The model is based on
three assumptions. First, dissolved sodium (Na) in throughfall
is only from wet deposition and leaching from atmospheric
dust because Na is neither taken up nor released by the plant
canopy in relevant amounts. Second, the relation between wet
and dry deposition observed for Na is transferable to other
elements, including P. Third, the fraction of dissolved P in
throughfall that is neither accounted for by dry or wet deposition
must originate from foliar leaching. There was no general
exclusion of outlier values. Only samples with visible particular
contamination were excluded, which was mostly due to insects
getting into the sampler.

To assess the contributions of different hydrological
compartments to discharge, we performed an end member
mixing analysis (EMMA) using the software package EMMAgeo
in the R Environment (Dietze and Dietze, 2013). Three end
members were identified by applying the annual average
concentrations of eight elements/parameters (Ca, Na, K, Mg, S,
DOC, Si, Cl) from water from the forest floor (0–15 cm), the
mineral soil (15–320 cm), and groundwater. The model was
calibrated to daily time series of those elements in the discharge
of the spring catchment. The application of the EMMA was
restricted to the spring catchment for two reasons: First, given
that the element concentrations of the end members were
exclusively inferred from the spring catchment we refrained
from transferring the data to the adjacent catchment for reasons
of small-scale heterogeneity. Second, the simulation of in-
stream transformation processes that likely occur in headwater
catchments is beyond the scope of EMMA.

We then tested whether the calculated discharge contributions
from soil- and groundwater (when considering the dissolved P
concentrations in those compartments) would lead to a simulated
P concentration in discharge that is similar to the one actually
observed in spring discharge using simple linear regression
analysis. In doing so, we could infer whether the sources of
discharge imposed a control on discharge P contractions.

Similarity of temporal variation between data series was
assessed with linearmodels using the lm() function, and 2-sample
t-tests for comparing group averages were assessed using the t-
test function in R Environment (Dietze and Dietze, 2013). The
raw data used in this study is partially available as a supplement
to this study (Supplementary Table 1).

RESULTS

Hydrological Conditions
The hydrological conditions in the catchments during the study
period were characterized by three distinct periods: Spring
and summer until June 2015 were relatively wet, followed
by a relatively dry period with a marked water deficit which
ended in November 2015 and then by a period of rewetting,
which extended into January 2016. With a precipitation sum
of 1,118mm a−1 the study period was unusually dry compared
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to the long-term average annual precipitation of 1,749mm a−1

(average 1961–1996).
From March to June 2015, soil moisture, groundwater level

and discharge fluxes responded rapidly to precipitation events
(Figure 1), which suggested that in this period the hydrological
compartments were well connected. In the groundwater well,
a fill-and-spill behavior could be observed: At ground water
levels between 8 and 6.3m below the surface, relatively
strong variability occurred corresponding to the occurrence
of precipitation, but peaks of groundwater level consistently
stopped at around 6.3m below ground (Figure 1C). The
groundwater table did not react immediately to precipitation
events but with a lag time of 1–2 days. Still, until the beginning of
June, all main discharge events in the creek and spring catchment
were associated with corresponding changes of the groundwater
table depth.

At the beginning of June 2015, soil moisture was only 5%
below that of the wetter spring period but strong hydrological
changes were observed, indicating the start of the drier summer

period: The rainfall-runoff event occurring mid of June produced
smaller increases in discharge and soil moisture compared to
events with similar amounts of precipitation in the previous
months (Figures 1A,B,D). The groundwater seemed to be
disconnected from precipitation events from the beginning
of June until December. The slowly declining groundwater
level indicated continuous drainage of the groundwater during
this period. Small fluctuations in discharge occurred after
precipitation events in both catchments, which were more
pronounced in the creek catchment.

At the end of November and early December 2015, two
large precipitation events occurred. The first event elevated soil
moisture to pre-summer level and caused substantial discharge
in both catchments. No groundwater recharge occurred after
the first precipitation event, and the observable increase
in the groundwater level was small even after the second
precipitation event. Pre-summer groundwater levels were only
reached as late as in January 2016. Thus, the rewetting
took 1.5 months.

BA

C D

E
F

FIGURE 1 | Hydrological variables and phosphorus (P) concentrations; bulk precipitation and soil moisture (A). Discharge and dissolved P concentrations in the

spring and creek catchment (B,D); water level and P concentrations in the groundwater (C). P concentrations of lateral subsurface flow (E); deviation of P

concentration in discharge between the creek and spring catchment (F); depth intervals of subsurface flow were 0–15 cm (forest floor), 15–150 cm (upper mineral

soil), and 150–320 cm (deeper mineral soil); uncertainty bars represent the standard deviation of the arithmetic mean.
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Phosphorus Concentrations
Phosphorus concentrations in bulk precipitation were on average
5.8 µg l−1 (Table 1). Relatively high P concentrations in bulk
precipitation (>10 µg l−1) were found during the vegetation
period, lower P concentrations (<5 µg l−1) in the dormant
season. Phosphorus concentrations in throughfall were on
average 140 µg l−1 and peaked from late summer to leaf
abscission in autumn. Peak P concentrations in throughfall were
>1,000 µg l−1. Phosphorus concentrations in bulk precipitation
and throughfall were not significantly correlated (p >0.05, not
shown). Interestingly, the high throughfall fluxes of P from July
to October appear to have been driven by increases in throughfall
P concentrations rather than by high amounts of precipitation.
Only 24% of the annual precipitation were recorded in this period
but 71% of the total P flux with throughfall.

Disentangling the canopy P fluxes into wet and dry
atmospheric deposition and canopy leaching by applying the
canopy balance model (Ulrich, 1983) suggested that the vast
majority of P fluxes with throughfall originated from foliar
P leaching (Figures 2C,D). Within the first 3 months of the
vegetation period after budbreak in April, no notable canopy
leaching was detected. From July to November, canopy leaching
steadily increased, with P fluxes higher than 10mgm−2 month−1

(Figures 2B,C). The highest wet and dry P depositions were
found from April to August, with one outlier in February 2016
(Figure 2A).

For groundwater and discharge of the two catchments,
nearly continuous series of daily samples could be collected.
In groundwater, the average P concentration was 7 µg l−1,

TABLE 1 | Concentrations and fluxes of P and water in the study area.

Mean P

concentration

P flux Water flux

µg l−1 (SD) mg m−2 a−1

(uncertainty)

mm m−2 a−1

Bulk open precipitation 5.9 (±10) 7.4 (± 1) 944

Bulk throughfall

precipitation

150 (±24) 60 (± 6) 769

Dry deposition 9.7 (+2.4/−2.0)a

Canopy leaching 43 (+8.8/−9.2)a

Organic layer water flow 570(±600) 0.001d 0.002d

Mineral soil 43 (±38) 20d 446d

Groundwater 7.1 (±4.2) 2.5d 166d

Discharge spring 13 (±4.0) 9.2 (± 1.0)c 613c

Discharge creek 16 (±4.5) 7.9 (± 1.0) 613

P Balance spring

catchment

7.8 (+4.1/−3.7)b

P Balance creek

catchment

9.1 (+3.9/−3.5)b

aCalculated according to Ulrich (1983).
bBulk open prec.

+Dry deposition—discharge P flux.
c Including ungagged below-ground discharge with total specific discharge assumed to

be equal to creek catchment.
dCalculated with EMMA.

showing no clear indication of systematic seasonal variation
(Figure 1C). One period of higher P concentrations occurred
in June 2015, with concentrations up to 25 µg l−1. Phosphorus
concentrations in groundwater were not significantly correlated
to concentrations and fluxes of P in lateral soil water flow at any
depth increment or discharge (p >0.05, not shown). Day-to-day
variations of P concentrations in groundwater were in a similar
range to those in discharge water.

Phosphorus concentrations in discharge in the spring were on
average 12 µg l−1 and were significantly (p <0.05, not shown)
smaller than the average P concentration in the creek water of
16 µg l−1. Phosphorus concentrations in discharge water from
the two catchments displayed a nearly inverse seasonal pattern:
Creek P concentrations were elevated during the vegetation
period (Figure 1F), when spring P concentrations show a
seasonal minimum. Day-to-day variations of P concentrations in
discharge water were comparable between the two catchments.

While almost every recorded precipitation event was
associated with the generation of lateral flow in the forest
floor, not all events could be sampled. Over the measurement
period, 39 lateral flow events were sampled in the forest floor
(0–15 cm), 36 events from the upper mineral soil (15–150 cm),
and 17 samples from the deeper mineral soil (150–320 cm).
With average concentrations of 700 µg P l−1 and maximum
concentrations as high as 1,500 µg P l−1, near-surface lateral
flow in the forest floor was significantly enriched in P compared
to throughfall; the highest concentrations usually occurred
during the vegetation period (Figure 1D). In the upper mineral
soil (15–150 cm), P concentrations in lateral subsurface flow
were significantly reduced by about one order of magnitude in
comparison to lateral flow from the forest floor. Phosphorus
concentrations in the deeper mineral soil at 150–320 cm were
not significantly smaller than the concentrations in the upper
mineral soil (p <0.05, not shown).

End Member Mixing Analysis
During the high-flow period from March to June 2015, spring
discharge was dominated by water with a solute composition
(Ca, Na, K, Mg, S, Cl, DOC) matching best that of water
from the mineral soil (top- and subsoil grouped together,
15–320 cm) (Figures 3A,B), with a relative contribution to
discharge of up to 90%. During the summer low-flow period,
groundwater became the dominant source of discharge with
over 95% discharge contribution, which was reversed again
at the end of November after two large precipitation-runoff
events, raising the fraction of water from the mineral soil
in discharge to around 50% initially. According to the
EMMA, water from the forest floor hardly contributed to
the mixture with contributions of about 0.2%. The model
uncertainty, i.e., the ability of the model to simulate a
mixture from the end members with an element composition
matching the measured composition at a given day, was lowest
in the high-flow period and highest in the low-flow period
(Figure 3C).

Since the actual P concentrations of the end members are
known but not included in the fitting process of the EMMA,
it can be tested how well the actual P concentrations in
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A B

C D

FIGURE 2 | Fluxes of P in bulk precipitation and throughfall, monthly, and accumulated atmospheric P deposition to the forest floor: daily fluxes of P in open

precipitation (A) and throughfall (B), the canopy P balance with monthly fluxes of wet deposition, dry deposition, canopy leaching, and some phenological indicators

measured on site (C), and accumulated fluxes of P in wet deposition, dry deposition, and canopy leaching (D).

spring discharge can be simulated using the simulated end
member composition. In doing so, it becomes apparent that
the P concentration in spring discharge is systematically over-
estimated by the calculated end member composition (Figure 4).
If the EMMA model uncertainty is used to weigh the data
points for a linear regression between measured and simulated
P concentrations in spring discharge, only a moderately good
fit (R² = 0.38) is achieved with a slope significantly larger
than one (Figure 4D). Given that the model uncertainty is
small in the low-flow period, the EMMA provides reliable
results for this period. Also, weekly and seasonal variations
in P concentrations in spring discharge are well-predicted by
the EMMA. In summary, EMMA predicts that water from
the mineral soil (15–320 cm) is the largest contributor to
discharge (66% over the whole observation period), followed
by groundwater with 34% and water from the forest floor with
only 0.02%. For the P fluxes leaving the spring catchment, the
differences are even more pronounced, with the mineral soil
being the dominant source with 93%, followed by groundwater
with 6 and 0.5% from the forest floor (Figure 4E). The
variability of discharge is much higher than the variability
of P concentrations therein. Because of this, the bulk of
the accumulated discharge P flux is confined to the high-
flow periods (Figure 4F). This also means, that discharge itself
is a more accurate predictor for the discharge P flux than
the associated P concentration, so that the temporal pattern
of P fluxes can be somewhat accurately represented by our
approach (Figures 4E,F).

The P Balance of the Catchments
Based on the results from the canopy balance and the EMMA,
we calculated not only the mean annual P concentrations
in the hydrological compartments, but also estimated the
annual P fluxes that enter or leave the ecosystem as well as
some that result from cycling within the ecosystem (Table 1).
Disregarding mineral weathering for which we do not have direct
measurements in this study, the P balance would be negative if
only wet deposition is regarded as a true input to the ecosystem
but clearly positive if dry deposition is regarded as input
(Table 1). The uncertainties presented for the P fluxes (Table 1)
represent the effect of the standard deviation of P measurements
of individual samples on the calculated P fluxes. In the case of
wet- and dry deposition the additional inclusion of the model
uncertainty results in an asymmetric uncertainty range. The
uncertainty for the catchment balances is the maximum range
of uncertainty resulting from the individual balance components.
Uncertainties for themeasured water fluxes were not determined.

DISCUSSION

P Inputs via Atmospheric Deposition
The question whether the atmospheric dry deposition of P can
be regarded as a true input to the site is of high relevance
for the overall P balance. The answer depends on whether dry
deposition in forests stems from external or internal sources.
One possible internal source is pollen dispersion, which can
contribute substantially to atmospheric dry P deposition (Doskey
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A

B

C

FIGURE 3 | Results of the EMMA: Calculated absolute contributions of the

end members to spring discharge (A); water from the forest floor was used as

an end member but ended up not contributing significant amounts to the

simulated discharge composition, simulated, end member contributions to

discharge (B) and relative model uncertainty (C).

and Ugoagwu, 1989; Tipping et al., 2014). The calculated high P
dry deposition fluxes (May to June) at our study site intersect with
the period of pollen dispersion (Figure 2C). Although their size
of 10–100µm exceeds the pore size (0.8µm) of the used filters by
2–3 orders of magnitude, P might have been leached out of pollen
increasing the P concentration in throughfall. However, we have
to consider that pollen are not only entering the forest canopy,
but are also exported from the forest. Therefore, without detailed
investigation it is not clear whether a net P input or export occurs
by pollen dispersion.

Further, the assumption of Na behaving conservatively during
canopy passage underlying the canopy balance model of Ulrich
(1983) has been challenged. In particular, it has been shown, that
especially young (broad-) leaves do loose Na via foliar leaching
(Tukey Jr, 1970; Staelens et al., 2007; Thimonier et al., 2008).
Disregarding foliar leaching of Na could cause overestimation of
dry deposition and underestimation of foliar leaching of P in the
canopy balance model used in this study. The underestimation of

foliar leaching could be small relative to the total foliar leaching
of P. The estimate for dry deposition, however, could be more
severely affected, since as much as 45 % of throughfall Na
enrichmentmay be due to foliar leaching (Thimonier et al., 2008).

Foliar P leaching dominates the overall canopy P balances of
our catchments. Direct evidence of foliar P leaching is still lacking
in the literature and indirect estimates of foliar P leaching are
much lower than the amount derived from this study, ranging
from a maximum of 20mg m−2 a−1 to net uptake of P into the
foliage during canopy passage (Long et al., 1956; Tukey Jr, 1966;
Miller et al., 1976; Duquesnay et al., 2000; Kopavcek et al., 2009;
Runyan et al., 2013). At 50mg m−2 a−1, the calculated foliar
leaching flux of P in this study translates into about 10% of the
average total P content in mature leaves of a deciduous forest
(Sohrt et al., 2017). This implies, that foliar resorption of P, which
is generally assumed to be solely responsible for the deviation of
the P content in mature foliage and foliar litterfall (Killingbeck,
1986, 1996; Duchesne et al., 2001; Côté et al., 2002), may generally
be overestimated if foliar leaching is assumed to be negligible.

Leaching of P from the canopy was virtually absent in the
first 3 months of the vegetation period. This implies that young
leaves are able to avoid significant losses of P via leaching. Two
months before the first indications of leaf senescence occurred,
leaching of P from the canopy was already significantly increased,
which means the leaves lose P in their later life cycle. Almost
half of the total throughfall deposition is due to leaching from
the canopy during the first 2 months of leaf senescence. The
increase in leaching from the canopy may be due to the step-
wise reduction in leaf functionality during senescence, causing
the leaves to become more “leaky.” In addition, progressing
microbial degradation of the senescent foliage may come into
effect: The relevant decomposer organisms are already present
on the foliar surfaces before senescence and generally become
active before leaf abscission (Snajdr et al., 2011). This could
cause damage to the leaves and subsequent leaching of soluble
substances with throughfall, although the initial binding form
of leached P was not addressed in this study. Interestingly,
during the last month of leaf senescence (November), the P
foliar leaching decreased again to very small fluxes, although
precipitation amounts stayed constant and leaf abscission was
only completed by the end of November after a rainstorm event.
Hence, the bulk of foliar P leaching occurs before the final
stages of senescence Besides below-average amounts of bulk open
precipitation there was no apparent occurrence of vegetation
stressors such as pests or strong storm events. Potential sources
of P inputs are arable fields in the Rhine valley or the City of
Freiburg just 7 km west of the study site. Considering also the
predominant westerly winds in the area, deposition of P-rich dust
from agricultural and urban settings is, hence, the most likely
cause for the P enrichment in throughfall water.

End Member Mixing Analysis
It is apparent that the EMMAperformed best during the low-flow
period, when calculated groundwater contribution to discharge
was high, and worse during high-flow periods, when water
from the mineral soil was the dominant source of discharge
water. This indicated that the sampled groundwater body directly
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F
E

FIGURE 4 | Results of EMMA compared to measured data: simulated (A) and measured (B) discharge P concentrations, contribution of end members to simulated

discharge P concentrations (C), scatter plot of measured vs. simulated discharge P concentrations (D), as well as simulated (E), and measured (F) cumulative P

fluxes in the creek catchment.

contributes to discharge without large changes in chemical
composition, and thus, was a suitable end member. Water from
the forest floor, on the other hand, was almost absent from the
mixtures calculated with the EMMA, meaning that it likely did
not contribute to spring discharge at all. The reason was likely
that the spring lacked a sufficiently long interception interface
with the thin forest floor, in contrast to more linear creeks
for example.

Overall, water from the mineral soil was responsible for 65%
of total discharge according to the EMMA. Periods with higher
fractions of soil water in discharge were consistently associated
with higher model uncertainties. From these results it can be
deduced that our model was missing an important end member
that presumably contributed large parts of discharge during high-
flow events. A possible candidate would be water from soil layers
below our maximum sampling depth.

When simulating discharge P concentrations in the spring
catchment from the end member contributions suggested by the
EMMA, P concentrations were strongly overestimated during

the high-flow period in spring when the model inaccuracy was
also highest. During the rest of the study period, discharge
P concentrations are still overestimated but less pronounced.
The reason for the systematic overestimation could be the fact
that P is known to easily attach to or react with a variety
of soil components, while the elements that were used to
calibrate the EMMA may behave more conservatively. The fact
that P concentrations in subsurface flow declined sharply with
increasing depth across the sampled soil layers implies that,
at least in those layers, P immobilization by sorption took
place. Still, simulated discharge P concentrations are significantly
correlated to measured concentrations, which suggests that
changes in discharge contribution of different water sources are
an important control of P concentrations in spring discharge.

Deviations of Discharge P Concentrations
Between the Two Catchments
We identified contrary seasonal variations in discharge P
concentrations in the creek and the spring catchment, although
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the adjacent catchments are similar in topography, soil type,
lithology, and vegetation cover. The only difference is that the
creek catchment has an open channel bed, which is absent in
the spring catchment. Here we provide two potential reasons
explaining the difference.

The first is that an open channel bed has the potential to
receive discharge contributions directly from precipitation and
surface runoff, which would be absent for spring discharge.
Since throughfall, surface runoff, and shallow subsurface flow are
highly enriched in P compared to groundwater, significant inputs
of water via these flow paths should control the P concentrations
in spring discharge. Given that these flow paths should contribute
relatively more water to discharge in the creek than in the spring,
larger average P concentrations and larger temporal variations
of P concentrations would be expected for the creek compared
to spring, especially during rainfall-runoff events. However, P
concentrations in the creek water were highest in the dry period
(with lacking near surface runoff) and there were no increases
in discharge P with rainfall-runoff events. Consequently, there
were no indications of near-surface runoff being the controlling
pathway of P export at the study site for either of the two sites.

The second possible explanation of the difference in seasonal
variations in discharge P between the creek and the spring
catchment were in-stream transformation processes. It has been
demonstrated that retention of P by in-stream biomass can
strongly affect variations in discharge P: Periphyton growth is
associated with uptake of discharge P in spring until leaf flushing
(Friberg et al., 1997; Mulholland and Hill, 1997; Hill et al., 2001;
Winkelmann et al., 2014). Heterotrophic microbial growth on
leaf litter entering the stream can cause a similar effect in autumn
andwinter since thesemicrobes are initially N- and P- rather than
C-limited (Gregory, 1978; Munn and Meyer, 1990; Bernhardt
and Likens, 2002; Rier and Stevenson, 2002; Stelzer et al., 2003;
Mulholland, 2004; Hill et al., 2010). During summer, periphyton
activity is decreased due to shading by trees, and P limitation
of in-stream heterotrophic decomposers may be reduced, as
the litter from the previous autumn is increasingly depleted of
accessible C sources. In this time, the in-stream biomass may
become a source of discharge P rather than being a sink. Since
the seasonal pattern of P concentrations in the creek is in line
with this concept, it seems probable that the deviation in P
concentrations in discharge between the two studied catchments
is due to biotic P turnover in the creek, which would be mostly
absent in the spring discharge, leading to the observed differences
in the seasonal pattern of P concentrations in discharge between
the two catchments.

P Balance of the Study Area
In line with earlier studies on the subject (e.g., Cole and
Rapp, 1981; Sohrt et al., 2017), the analysis of P fluxes in
bulk precipitation and throughfall in combination with the
application of the Ulrich (1983) canopy balance model suggested
that atmospheric P inputs alone might compensate P losses with
drainage and runoff in temperate forests. However, especially the
estimated dry deposition flux is connected with uncertainties.
The P discharge flux quantified in this study allows for a
comparison with the study site’s P weathering flux determined by

Uhlig and von Blanckenburg (2019a) amounting to 76 ± 17mg
m−² a−1. This flux exceeds the P discharge flux presented in this
study by an order of magnitude. As the integration timescales
for cosmogenic nuclide-derived weathering fluxes (103-105 year)
and gauging-derived discharge fluxes (100-101 year) differ by
orders of magnitudes, timescale effects could account for this
discrepancy. Since bulk precipitation during the study period was
only 60% of the 30-year average, the mean annual discharge, and
thus, P export was likely less than usual. However, accounting
for timescale effects by normalizing the respective P fluxes to
fluxes of sodium does not eliminate the discrepancy between the
P discharge flux and the P weathering flux (unpublished data).
Sodium was chosen because Na is an “inert” element with respect
to nutrient uptake and neoformation of secondary minerals
during chemical weathering. Such discrepancy, quantifiable
through a metric called sodium normalized “dissolved export
efficiency” (DEEXNa, Uhlig et al., 2017; Schuessler et al., 2018) can
be observed across the globe (Uhlig et al., 2017; Schuessler et al.,
2018). Potential fluxes of P that could (in combination) explain
this systematic discrepancy include underestimated P exports
with litter and wood (de Oliveira Garcia et al., 2018), transiently
increasing P stocks in biomass in growing forests, and net P
export via pollen dispersion.

It appears that the sum of P release from weathering (Uhlig
and von Blanckenburg, 2019a) together with atmospheric P
inputs determined in this study likely compensate P losses with
runoff. Therefore, declining foliar P levels are unlikely the result
of a P depletion of the forest ecosystem.

CONCLUSIONS

The common observation, that percolating water becomes
strongly enriched in dissolved P during the passage through the
canopy and the forest floor, where the highest P concentrations
are recorded, was confirmed by this study. This trend was found
to be reversed when the water came into contact with the mineral
soil, where dissolved P was effectively retained, causing the P
concentration in soil water at about 3m depth to be en par with
that in the creek water. P export from the catchment via spring
water was found to be driven by runoff frommineral soils and by
groundwater discharge. Also in the investigated creek, a potential
contribution of near-surface runoff to P exports appeared to be
negligible or superimposed by in-stream P cycling.

Wet and dry deposition were found to be in a similar range.
Even if only wet deposition was assumed to be a true input
into the ecosystem, it outweighed the losses by discharge at our
study site, so that the overall P balance of both catchments was
positive during the study period. Together with the potential
inflow of P through mineral weathering this supports the idea
that declining foliar P levels of forest ecosystems are unlikely to
be related to a declining total P supply, but rather to imbalances
of tree nutrition, e.g., due to nitrogen fertilization, or alternative
stressors, such as drought. Detailed investigations of atmospheric
N and P deposition and the inclusion of fluxes resulting from
mineral weathering are necessary to reduce major uncertainties
of forest P budgets.
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