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Abstract
Regarding the low availability of phosphorus in soil, tree internal cycling of phosphorus through re-translocation among 
needles would be a good strategy for conifers to cope with soil phosphorus deficiency and to support new needles in annual 
growth. Therefore, the relationship between the amount of plant-available phosphorus in the soil and the differences in 
concentrations of phosphorus among first- and second-year needles (P-difference Ny1 − Ny2) of adult Norway spruce was 
examined. No significant correlation could be detected between the stocks of available phosphorus extracted using citric 
acid and P-difference Ny1 − Ny2, even for trees with deficient nutritional status. The temporal variations of P-difference Ny1 − Ny2 
at single plots showed the same order of magnitude as the variability between plots. The typically lower concentrations of 
phosphorus in second-year needles result mainly from an increase in needle weight of older needles. The net phosphorus 
re-translocation into younger needles appears to be of minor importance.
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Introduction

Phosphorus is one of the most critical elements for forest 
ecosystem productivity (Mishra et al. 2017; Proe and Millard 
1995; Vitousek et al. 2010). Impaired forest and tree condi-
tions, as well as limitation of plant growth, have often been 
reported to be related to phosphorus deficiencies (Braun 
et al. 2010; Ewald 2000; Hüttl 1991). In recent years, there 
has been an increasing interest in identifying the tree phos-
phorus status and assessing the impact of available phospho-
rus in soils on trees growth, especially under nutrient-poor 
conditions. Forest ecosystems receive little phosphorus from 
atmosphere (Belyazid and Belyazid 2012); thus, soil weath-
ering is the main source of phosphorus (Augusto et al. 2017; 

Prietzel et al. 2013). Phosphorus internal cycling within the 
tree, particularly for new organs, is also supposed to be a 
strategy that compensates for phosphorus demand or soil 
phosphorus shortfalls (Fraser 1956; Turner and Lambert 
1986; Van den Driessche 1984).

Wyttenbach et al. (1995) studied phosphorus in first- and 
second-year needles of adult Norway spruce and assumed 
that the difference in phosphorus concentrations of nee-
dles is caused by a “re-translocation” from old needles 
for supporting new needles. The concept of phosphorus re-
translocation from older tree organs is mainly based on the 
theory, that this phenomenon is related to the maintenance of 
nutrients and trees use this strategy to preserve growth effi-
ciency in poor stands (Reemtsma 1966). However, Chapin 
and Kedrowski (1983) and Helmisaari (1992a) concluded 
that for many tree species, re-translocation of phosphorus 
from older foliage is not an important source of phosphorus 
on soils with low nutrient status. In a seedling experiment, 
Fife and Nambiar (1984) for Pine did not detect a depend-
ency for phosphorus re-translocation between needles and 
soil fertility. The authors clarified, even when ecological 
conditions were suitable for element uptake, phosphorus in 
needles is partly shifted into the shoots. Element re-trans-
location between conifer needles has also been investigated 
by Fiedler et al. (1973), Nambiar and Fife (1987), and Proe 
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and Millard (1995); however, most of these studies were 
carried out using seedlings or saplings and monitored only 
a relatively short growing period.

The phosphorus status is highly variable in Norway 
spruce and mostly depends on soil quality (Achat et al. 2016; 
Manghabati et al. 2018b). For example, the results of the 
Second National Forest Soil Inventory in Germany (BZE 
II) indicated that phosphorus status in trees on limed and 
calcareous sites is inferior compared to non-calcareous sites 
(Riek et al. 2016). Applying simple soil extraction methods 
(citric acid and sodium bicarbonate), Fäth et al. (2019) and 
Manghabati et al. (2018a, b) found a significant relationship 
for European beach and Norway spruce trees between soil-
extractable phosphorus and phosphorus in foliage. There-
fore, citric acid-extractable phosphorus is suggested as an 
appropriate indicator for phosphorus availability. However, 
since content of phosphorus in foliage have a large fluctua-
tion among trees and among years, this variability demands 
sampling of a great number of trees in several subsequent 
years in order to thoroughly evaluate tree phosphorus nutri-
tion (Chapin and Van Cleve 1989; Wehrmann 1959). If 
phosphorus re-translocation from older needles supports the 
growing needles to maximize growth every year, particularly 
under deficient conditions, site phosphorus fertility should 
have an influence on this process.

Recently, a positive relationship between the level of 
phosphorus internal cycling and soil phosphorus supply has 
been reported by Netzer et al. (2017) in beech forests. The 
authors identified bark and stem-wood as main phosphorus 
pools for tree internal cycling. In adult Norway spruce, a 
large proportion of the nutrient elements is stored in the 
needles (Weis et al. 2009); thus, this nutrient pool has a 
high potential for internal element re-translocation. Several 
studies have investigated the development of phosphorus in 
needles from buds to the end of the first growing season 
(e.g., Fiedler et al. 1973; Reemtsma 1966), whereas changes 
in phosphorus concentration after the end of the first vegeta-
tion period until waste of the needles are less investigated. 
According to Reemtsma (1966), in addition to first-year nee-
dles also older needles should be taken into consideration 
for whole tree nutrient balance. However, to which degree 
older needles contribute to the phosphorus demand of grow-
ing needles by re-translocation is still an open question. The 
results of most investigations to this question are uncertain 
because alterations of element content in needles have sel-
dom been monitored in long-term studies. In this relation, 
Nambiar and Fife (1991) emphasized in their conclusion 
that, if the sequential foliage sampling is poorly coordinated, 
the probability of errors in results arises.

Furthermore, increasing the weight of older needles dur-
ing growth periods is an important factor for evaluating 
the value of net phosphorus transfer. The lower concentra-
tions of phosphorus in older needles, at least partly, are the 

result of accumulation of immobile elements, such as cal-
cium (Göttlein et al. 2012). For example, a 7% increase in 
weight of Pine seedlings’ needles, during one-year growth, 
was reported by Cousens (1988). With regard to the above 
mentioned considerations, this paper assesses the relation-
ship between soil-extractable phosphorus and the difference 
in concentration of phosphorus between first- and second-
year needles (P-difference Ny1 − Ny2) in adult Norway spruce 
trees. We hypothesize a relationship between site-available 
phosphorus and phosphorus “re-translocation.” Moreover, 
the “dilution effect” which is caused by an increase in weight 
will be estimated.

Materials and methods

Data sources

To address different aspects of P-difference Ny1 − Ny2, data 
were taken from following sources:

I. For evaluating the influence of phosphorus availability 
in the soil on P-difference Ny1 − Ny2, we used the Bavarian 
BZE II-plots (Schubert et al. 1995). This dataset contains 
272 Norway spruce sites, covering the big variety of parent 
materials and soils in Bavarian forests. In addition to the 
nutritional and soil scientific BZE II standard data, we could 
use the data of citric acid-extractable phosphorus, which was 
measured for all Bavarian BZE II plots described by Fäth 
et al. (2019).

II. To get an impression of the inter-annual variation of 
P-difference Ny1 − Ny2, we took soil and nutritional data (from 
1987 to 2013) for 33 adult Norway spruce sites of the Bavar-
ian forest monitoring program (Bodendauerbeobachtungs-
flächen, BDF, Schubert et al. 1995, 2015).

III. At the experimental site Kranzberger Forst (Pretzsch 
et al. 1998), which is located 40 km north of the city of 
Munich, a crane was available to sample needles directly 
from tree crowns. This unique situation allowed a repeated 
sampling of the same branches over several years. Data used 
in this study were derived from an intensive tree sampling 
of eight adult Norway spruce trees (age 53–55) over 9 years 
(from 1998 to 2007, except 2005).

Analytical methods

All soil samples had already been taken during the BZE 
II and BDF sampling campaign and have been prepared 
and analyzed according to the German handbook of for-
est analyses (König et al. 2005). In Bavaria, in addition to 
the standard analytical procedures, also values of phospho-
rus extracted by citric acid (Pcit) were available for all soil 
samples. Pcit proved to be the best predictor to determine 
the phosphorus nutritional status of adult Norway spruce, 
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when calculating stocks down to 40 cm soil depth (Man-
ghabati et al. 2018a, b). Sampling and analysis of needles 
in all three studies have been performed according to König 
et al. (2005). We used the concentration of phosphorus in the 
first-year needles to assess the tree nutritional phosphorus 
status according to Göttlein (2015). For needle samples of 
Kranzberger Forst, the weight of needles was also available. 
All statistical analyses were performed with SPSS 22 (IBM, 
2013), using linear regressions and logarithmic curve fitting, 
as well as paired T test.

Results

Site dependent variation of P‑difference Ny1 − Ny2 
(Bavarian BZE II and BDF dataset)

As trees obtain their nutrients not only from a certain soil 
layer, we calculated the stocks of Pcit and aggregated them 
down to 40 cm, which is according to Manghabati et al. 
(2018a, b) an appropriate aggregation level.

As shown in Fig. 1a there is a relatively good logarithmic 
relationship between the stock of soil-extractable phospho-
rus and the concentration of phosphorus in first-year needles 
(R2 = 0.41) (see also Fäth et al. 2019). Principally, at each 
site first-year needles had higher phosphorus concentrations 
than second-year needles. Calculating P-difference Ny1 − Ny2 
classified by the nutritional status according to Göttlein 
(2015), we expected that trees with lower available phospho-
rus in the soil and lower phosphorus concentration in first-
year needles should show a higher tendency for phosphorus 

“re-translocation” (Fig. 1b). However, even in the deficiency 
range, no considerable relationships between soil-extractable 
phosphorus and P-difference Ny1 − Ny2 could be detected.

Inter‑annual variation of P‑difference Ny1 − Ny2 (BDF 
dataset)

Because the annual fluctuations of foliar nutrient concen-
tration are a common phenomenon (Vitousek et al. 1995; 
Yang et al. 2016), we also assessed the temporal variations 
of P-difference Ny1 − Ny2 at the BDF monitoring plots (Fig. 2). 
The results of 5–8 years of needles sampling per plot showed 
that the temporal variability of the P-difference Ny1 − Ny2 at 
single plots displayed the same order of magnitude as the 
variability between plots (see Fig. 1b). Again, there is no 
interdependence between the amount of soil-extractable 
phosphorus and P-difference Ny1 − Ny2. Neither is there a ten-
dency of higher P-difference Ny1 − Ny2 when in a single year 
at a particular site the nutritional status is deficient.

Detailed study at Kranzberger Forst

The repeated needle sampling at the same branches of adult 
Norway spruce at the Kranzberger Forst allows a more 
detailed study of P-difference Ny1 − Ny2.

As expected, the intensive needle analysis indicated a 
decrease in phosphorus concentration when needles got 
1 year older (Fig. 3a). This decrease mostly was coupled to 
an increase in the weight (Fig. 3b). In combination, these 
two effects resulted in the fact that there was no significant 

R2=0.41***
(a) Tree phosphorus

nutritional status
according to Ny1

luxury R2= 0.006 n.s.

normal range R2= 0.003 n.s.

deficiency R2= 0.077 n.s.

(b)

Fig. 1   a Relation between the stock of citric acid-extractable phos-
phorus (Pcit) aggregated down to 40 cm (including organic layer) and 
phosphorus concentration in first-year needles of 305 forest sites in 
Bavaria (BZE II + BDF), logarithmic curve fit. b Linear regressions 
for relationships between the stock of citric acid-extractable phos-

phorus (Pcit) aggregated down to 40 cm soil depth (including organic 
layer) and difference in concentrations of phosphorus in first- and 
second-year needles (P-difference Ny1 − Ny2). Symbols show ranges for 
tree phosphorus nutritional status according to Göttlein (2015)
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difference in the content of phosphorus for the two needle 
ages (Fig. 3c).

For all P-difference Ny1 − Ny2 values, the influence of 
an increase in weight on the phosphorus concentration in 
second-year needles was calculated. The result is a boxplot 
derived from 64 data pairs (Fig. 4). Variations in weight of 
needles explained between 0 and 100 percent of changes 
in phosphorus concentration in second-year needles. As 
median, 85% of changes in phosphorus concentration of 
second-year needles are attributed to a “dilution effect” and 
only 15% of changes are the result of net phosphorus “re-
translocation” between needles.

Discussion

Phosphorus is well known as a mobile element in the plant 
(Fife et al. 2008; Helmisaari 1992b) and thus has the poten-
tial to move between tree organs. Thus, element re-trans-
location between tree components is regarded as strategy 
for nutrient conservation (Chapin and Kedrowski 1983; 
Machado et  al. 2016). In particular, older needles may 
compensate for the demand of growing needles (Oren et al. 
1989). As a consequence, tree species should be less influ-
enced by variations in soil nutrient availability (Helmisaari 
1992a). Hence, identifying phosphorus internal cycling 
through re-translocation between needles would confirm 
tree adaption to soil phosphorus deficiency, as well as short-
ages in critical years. Several studies have reported that the 
amount of nutrients reused (mobile elements N, P, Mg, K) 
in plant organs increases with a decrease in the soil nutrient 

availability (Grime 1979; Chapin 1980; Berendse and Aerts 
1987). Therefore, nutrient re-translocation should be found 
to a greater extent at stands with lower soil fertility (Khanna 
et al. 2007). In contrast, the results of BZE II by Riek et al. 
(2016), however, illustrated that the differences in concentra-
tion of phosphorus between first- and second-year needles 
in luxury and normal nutrition ranges were higher than that 
in latent and deficiency ranges.

As shown in Figs. 1b and 3a, the concentration of phos-
phorus in first-year needles of Norway spruce was consid-
erably higher than that of second-year needles. Almost all 
previous studies (e.g., Riek et al. 2016; Wyttenbach et al. 
1995; Wyttenbach and Tobler 1988) observed this difference 
for needles of Norway spruce. We detected no significant 
correlation between the stocks of plant-available phosphorus 
and P-difference Ny1 − Ny2. This result reflects those of Chapin 
and Kedrowski (1983) and Lim and Cousens (1986), who 
also concluded that element re-translocation from foliage 
during the growing season supports new organ develop-
ment without correlation to soil fertility. Degradation in tree 
growth rates was presented by Nambiar (1985) as the only 
adaptive mechanism that trees use to respond to low nutri-
ent availability. In accordance with Aerts (1990), Nambiar 
and Fife (1991), and Turner and Olsen (1976), we observed 
that even in trees under the threshold for normal phosphorus 
nutrition (deficiency ranges) the site-available phosphorus 
is not related to the needle phosphorus P-difference Ny1 − Ny2 
although stocks of Pcit in topsoil are significantly correlated 
with the phosphorus concentration in the needles (Fäth et al. 
2019; Manghabati et al. 2018a, b). This means that despite 
the important role of root uptake on needle phosphorus 

Fig. 2   Year-to-year fluctua-
tion of P-difference Ny1 − Ny2 at 
Bavarian BDF sites in depend-
ence of their citric acid-extract-
able phosphorus (Pcit) aggre-
gated down to 40 cm (including 
organic layer). Symbols show 
ranges for tree phosphorus 
nutritional status according to 
Göttlein (2015)

Tree phosphorus
nutritional status
according to Ny1



543European Journal of Forest Research (2019) 138:539–546	

1 3

nutrition, internal cycling of phosphorus, at least between 
needles, is not dependent on plant-available phosphorus at 
Norway spruce sites.

Concentrations of phosphorus in needles show a high 
year-to-year variation (Dambrine et al. 1995; Reemtsma 
1966). As a consequence, also a high annual variation for 
P-difference Ny1 − Ny2 was observed. The magnitude of this 
annual difference at one site is comparable to the magni-
tude of variation between sites. Looking at the nutritional 
ranges (luxury, normal, and deficiency) Fig. 2 once more 
demonstrated that there is no dependence of P-difference 
Ny1 − Ny2 from soil-extractable phosphorus. The big advan-
tage of the intensive sampling at the site Kranzberger Forst 
is that the second-year needles are collected from the same 

branches from which, in the previous year, first-year nee-
dles were collected and that needle weights are available. 
The mean concentrations of phosphorus in the second-
year of needles’ life were always, and thus significantly, 
lower than that in first-year needles (Fig. 3a). However, 
a net phosphorus re-translocation into the first needles, 
as indicated by a reduction in the phosphorus content in 
the second year of needle life, was only observed in some 
single years. In total, there was no significant difference in 
the content of phosphorus between first and second year 
of needles’ life. These results seem to follow the observa-
tions of Nambiar and Fife (1987) for Pine, who stated that 
the content of foliage phosphorus (µg/needle) fluctuated 
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Fig. 3   Phosphorus concentration (a), weight (b), and phosphorus 
content (c) of needles in the first year and second year of their life. On 
the left, the data (single values) of tree number 535 are given. On the 

right, all data from eight intensive monitored trees are given (error 
bars indicate the 95% confidence interval; significance of differences 
calculated by a paired T-test)
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internally between needles with remarkable steps of accu-
mulation, re-translocation, and replenishment.

We also observed a strong variation of needles weight, 
which according to Timmer and Morrow (1984) can be 
explained by increasing accumulation of nutrients in nee-
dles, other than phosphorus. The great influence of vari-
ations in needles weight may also, at least partly, explain 
the results of the first part of our study, that displayed 
no relationship between soil-extractable phosphorus and 
P-difference Ny1 − Ny2. Net nutrient re-translocation from 
second-year to first-year needles for seedlings of Norway 
spruce and Pine seedlings was observed by Fiedler et al. 
(1973) and Nambiar and Fife (1987). In their studies dur-
ing sprout of the new needles, phosphorus concentration in 
the previous-year needles decreased. Regarding the large 
physiological and biological dissimilarities between adult 
trees and seedlings or saplings (e.g., root extension, and 
rate of nutrient accumulation in needles) these results, 
however, as shown in our study, may not be transferable 
to adult trees. At the intensive sampled site Kranzberger 
Forst we found, that in average more than 80% of the 
decrease in the concentration of phosphorus in second-
year needles is explained by an increase in weight of these 
needles. These findings also confirm the results of Göt-
tlein et al. (2012), Linder (1995), and Nambiar and Fife 
(1987), who stated that the element concentration in nee-
dles mainly fluctuates due to variations in the dry matter 
content of needles, which varies seasonally and increases 
along with needle age. According to our dataset from the 
Kranzberger Forst, this statement is also true for magne-
sium, an element for which in the literature also a high 
amount of re-translocation is reported (Fiedler et al. 1973; 
Wolff et al. 1999).

Conclusion

The present study was designed to determine the impact 
of plant-available phosphorus on tree internal phosphorus 
cycling. Our results do not support the view often found in 
the literature that phosphorus re-translocation from older to 
new needles of adult Norway spruce is a targeted mechanism 
for countering soil phosphorus deficiency. Although there is 
a positive correlation between soil-extractable phosphorus 
(Pcit) and phosphorus concentration in needles, no such rela-
tion could be found for the difference in phosphorus concen-
tration between needles’ year one and two. This concentra-
tion difference shows a high variation between sites, as well 
as at one site between different years and thus obviously is 
much more influenced by year-to-year differing growth con-
ditions. This result is supported by the detailed data from the 
Kranzberger Forst, where on average 85% of the difference 
in phosphorus concentration was caused by an increase in 
the weight of second-year needles. Thus, the lower concen-
tration of phosphorus in second-year needles is mainly a 
dilution effect and only to a very minor part caused by tree 
internal phosphorus re-translocation. Accordingly, there is 
no systematic pre-translocation between needles and this is 
the reason why there is no relationship between the concen-
tration differences in needles and P availability in soil.
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