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Abstract
Purpose With its high economic benefits, navel orange
(Citrus sinensis) has been widely planted and fertilizer has
been increasingly applied in the subtropical China in the last
30 years. Comprehensive assessments are needed to explore
the long-term fertilization impacts on soil chemical and
biological properties in the navel orange orchards.
Materials and methods Through a large number of soil and
leaf samples from the young, middle-aged, and mature navel
orange orchards, this study examined the impacts of stand age
(corresponding to the fertilization year using compound
chemical fertilizer) on seasonal variations in major soil
properties and leaf nutrients in the subtropical China.
Results and discussion Soil total nitrogen (N) and mineral N
were significantly higher in the middle-aged and mature
orchards than in the young orchard. Total phosphorus (P),
available P, labile P, slow P, occluded P, weathered mineral
P, total exactable P, and residual P generally increased with
fertilization years (P<0.05), and the increasing percentages
for soil P fractions were much higher than those for N

variables. The total N and P use efficiencies (plant uptake/soil
input) were 20–34 and 10–15 %, respectively. Soil micro-
bial biomass, invertase, urease, and acid phosphatase activi-
t ies showed signif icant seasonal variat ions and
decreased with fertilization years. Leaf N concentration
significantly decreased with fertilization years, but no
difference was found for P.
Conclusions Soil self-fertilization was impeded, and less
fertilizer amount should be applied especially in the older
navel orange orchards since N and P accumulations do not
increase leaf nutrients but worsen soil biological quality.

Keywords Citrus sinensis . Hilly red soil region . Long-term
fertilization .Microbial activity . Soil nutrients

1 Introduction

There is an increasing demand for agricultural products,
which not only meet high-quality standards but also are envi-
ronmentally friendly (Carey et al. 2009). To fulfill this de-
mand, agriculture requires an ecological approach that is
largely missing from current managements and research port-
folios (Robertson and Swinton 2005). In traditional agricul-
tural production, farmers usually focus on productivities at the
expense of environmental costs, such as degradation of soil
quality due to inappropriate or incorrect agricultural practices
(Springett et al. 1994). Fertilization has been one of the most
important ways to improve agricultural productivity around
the world. Being the largest fertilizer consumption country,
China consumed more than 1/3 total chemical fertilizer of
the world, approximately 52.0 × 106 tons/year (Li and Jin
2011). Clearly, it is a challenge for agriculturists and ecolo-
gists to achieve a balance between high food production and
environmental protection (Lemaire et al. 2014), since over
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fertilization has brought lots of problems, such as soil structure
degradation and environmental pollution (Kumazawa 2002;
Fernández-Escobar et al. 2009; Jiao et al. 2012).

Over fertilization is defined as Bthe application of fertilizer
in excess of the tree or crop capacity to use it for optimum
productivity^ (Weinbaum et al. 1992), which has been widely
found in intensive agricultural areas (Conley et al. 2009; Ma et
al. 2012). Vitousek et al. (2009) stressed that fertilizer used in
developing countries like China far exceed those in the USA
and Northern Europe, and much of the excess fertilizer
(>200 kg N ha−1 year−1) is lost to the environment. Hatano
et al. (2002) found crop nitrogen (N) uptake ranged from 52 to
148 kg N ha−1 year−1, which only accounted for 14.2–83.4 %
of total N input. Even in the poor Karst region, southwest
China, 16.6–85.8 % of total input N was lost from the fields
in farm systems (Hatano et al. 2002). Soil fertility, especially
N and phosphorus (P) availability, is a key concern in sustain-
able agriculture and a central emphasis of projects attempting
to monitor soil quality (Schloter et al. 2003). Both N and P are
generally the key limiting nutrients in terrestrial ecosystems,
but in cases of excessive application they could become pol-
lutants in surrounding areas (Carey et al. 2009). Meanwhile,
soil microbes are considered as a sensitive indicator of soil
fertility (Joergensen and Emmerling 2006), because they are
involved in nutrient cycling, maintenance of soil structure, and
organic matter decomposition (Wardle et al. 2004).
Additionally, soil enzymes and microbe-based processes are
considered particularly important because they usually re-
spond more rapidly than chemical and physical variables to
environmental changes and stresses such as N and P pollu-
tions (Schloter et al. 2003). Recently, leaf nutrients and N/P
ratio have been used to indicate soil N and/or P limitation
to plant growth (Koerselman and Meuleman 1996; Aerts
and Chapin 2000; Güsewell 2004). To sum up, studies on
soil and leaf nutrients and the budget between input and
output were widely carried out for agricultural ecosystem
(Pathak et al. 2010) or orchard ecosystem in many coun-
tries in order to assess and guide fertilization management
(Roccuzzo et al. 2012).

Navel orange (Citrus sinensis) is a common fruit distribut-
ed in more than 100 countries and a major horticultural com-
modity in the world (Hu et al. 2008; Shamseldin et al. 2010;
El-Wakeel and Mansour 2014). It was introduced to China
fromAmerica in 1978 and has beenwidely cultivated for fresh
food and orange juice processing in south China because of its
deliciousness, good texture, and evident nutraceutical effects
(Hu et al. 2008). Jiangxi Province is the largest navel orange
production base in south China with the area of about 100,
000 ha in 2009 (Guo 2011). As a major contributor to the local
economy, sustainable development of navel orange orchards
plays a vital role in farmers’ income (Guo 2011). Local
farmers primarily aim to produce high yields of high-quality
navel oranges through intensive management practices such

as N and P fertilizer application, weed control, and pest man-
agement; however, the impacts of these management practices
on navel orange soil properties and the surrounding environ-
ment have not yet been assessed (Wang et al. 2011).

To evaluate the impacts of long-term fertilization practices
on the soil quality and the environment, we attempted to de-
termine the temporal dynamics of soil physical, chemical, bi-
ological properties, and leaf nutrients along an age gradient of
intensively managed navel orange orchards as well as the
nutrient balance between plant uptake and soil input. We also
explored the synchronism between belowground and above-
ground processes through simultaneously measuring the sea-
sonal dynamics of leaf and soil nutrients in the navel orange
orchards of the southern China. Our main hypotheses are (1)
soil N and P concentrations increase with increasing stand age
under fertilization because the amounts of nutrients annually
removed were lower than those input into soil; (2) soil micro-
bial properties including biomass and enzyme activities de-
crease with increasing stand age due to over fertilization
(Paudel et al. 2012); and (3) leaf N and P levels increase but
N/P ratio depends on the relative increase in soil N and P
availability (Chen et al. 2015).

2 Materials and methods

2.1 Study area

The study area (25° 12′ N, 114° 04′ E) is a typical mid-
subtropical region, located in Xinfeng County, Jiangxi
Province, China. The mean annual precipitation in this region
is 1510 mm and average annual temperature is 19.5 °C. The
soil is classified as Ultisol developed from sandstones (Staff
2010), which is a typical soil type in the central subtropics of
China. The average elevation is about 50 m. The county is one
of the major regions for navel orange production and is well
known as Bthe town of Chinese navel orange^ due to its most
favorable climate and soil conditions for navel orange growth
(Guo 2011).

2.2 Plot establishment

Three different aged navel orange orchards (i.e., young, mid-
dle-aged, and mature) were selected at nine sites and each of
the orchards includes three sites (replications) in Anxi Town
of Xinfeng County in February, 2008. The young orchards
were planted in 1999 with a spacing of 2×2 m. The average
basal diameter and height of navel orange trees were 9.2 cm
and 2.0 m, respectively. The middle-aged orchards were
planted in 1989 or 1990, with a spacing of 2×4m, the average
basal diameter and height were 10.0 cm and 2.3 m, respective-
ly. The mature orchards were planted in 1978 at a space of
3×3 m, and average basal diameter and height were 19.11 cm
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and 2.8 m, respectively. All orchards were converted from
natural scrubland and fertilized with compound chemical fer-
tilizer (including 350–530 kg N hm−2 year−1, 80–105 kg
P hm−2 year−1, 80–100 kg K hm−2 year−1) using intensive
management practice. The fertilizer was seasonally (spring/
summer/autumn/winter ≈2:3:3:2) applied by digging a shallow
furrow under the canopy of each tree. Meanwhile, irrigation,
weed control, and pest management were timely implemented
in all orchards according to the unified standard. All the chosen
plots were unevenly distributed within a 230-ha farm, with
southerly aspects and slopes less than 15°.

2.3 Soil general properties

Each plot (20×20 m) was further divided into four subplots
(10×10 m). In each subplot, five soil cores (5 cm diameter)
were sampled at 0–15 cm depth after surface litter was care-
fully removed, and then composited into one sample. In total,
36 soil samples were transported to the laboratory immediate-
ly for analysis of soil texture, pH, organic C, total N, and total
P. Soil texture (particle size distribution) was determined by
the sieve-pipette method. Soil pH was measured in a 1:2.5
mixture of soil and deionized water using a glass electrode.
Soil organic C concentration was determined by dichromate
oxidation and titration with ferrous ammonium sulfate. Total
N concentration was determined by the microKjeldahl meth-
od, and total P concentration was analyzed by a
phosphomolybdic acid blue color method (Allen 1989).
Additionally, a soil sample was collected within each subplot
by using a 5.0-cm-height sampling borer for determining soil
bulk density at three depths: 0–5, 5–10, and 10–15 cm. The
soil bulk density was determined based on the dry soil weight
per unit volume of the soil core at each depth. Topsoil organic
C, total N, and total P stocks were calculated based on the
concentrations, soil depth, and bulk density.

2.4 Soil N availability

Soil available N was measured through a whole growing sea-
son. In each 10×10 m subplot, five soil samples at 0–15 cm
depth were randomly collected with an auger (inner diameter
of 5 cm) and composited into one sample in April, 2008
(representing spring), each composite sample was passed
through a 2-mm sieve and divided into two subsamples; one
subsample was used for determination of soil NH4

+–N,
NO3

−–N, and mineral N (NH4
+–N plus NO3

−–N) concentra-
tions (Allen 1989; Huang et al. 2008), and then air dried for P
fractions measurement; the other was stored at −20 °C for
analysis of microbial biomass and enzyme activities. The
measurements of soil N availability were repeated in July
2008, November 2008, and January 2009. These periods were
defined as summer, autumn, and winter, respectively.

2.5 Soil P fractions

The air-dried soil was ground to pass through a 0.5-mm sieve
and processed following the soil P fractionation sequential
procedure (Hu et al. 2011). The corresponding supernatants,
sequentially exacted with anion exchange resin, 0.5 M
NaHCO3, 0.1 M NaOH, 0.1 M NaOH with sonication, and
1.0 M HCl, then collected by centrifuging samples at
1.7×104 m s−2 (3200 rpm) for 5 min, followed by filtering
samples through a 0.45-μm micropore filter. P concentration
in each supernatant was determined by the phosphomolybdic
acid blue color method (Allen 1989). Resin-P, NaHCO3-P,
NaOH-P, sonication-P, and HCl-P were defined as available
P, labile P, slow P, occluded P, and weathered mineral P,
respectively (Hu et al. 2011). Bio-available P is the sum
of available P and labile P, extractable P includes avail-
able P, labile P, slow P, occluded P, and weathered min-
eral P. Soil total P was analyzed by a phosphomolybdic
acid blue color method after acid digestion (Allen 1989),
and the residual P was the difference between total soil P
and the extractable P. The soil samples from different
seasons were measured to study the seasonal dynamics
of soil P supply.

2.6 Soil microbial biomass and enzyme activities

Subsample soils stored at −20 °C were used for measuring
microbial biomass and enzyme activities. Soil microbial bio-
mass C and N (MBC and MBN) were measured by the
fumigation-extraction procedure. The field moist soils were
sieved (2 mm), adjusted to 40 % of water holding capacity,
incubated for 7 days at room temperature and then stored at
4 °C for analysis. Then a subsample of 25 g was taken from
incubated soil, saturated with purified liquid CHCl3 for 24 h as
a fumigation treatment; meanwhile, another 25 g subsample
taken from the incubated soil was used as an unfumigated
control. Both pretreated soil samples were separately extracted
with 100 mL 0.5 mol L−1 K2SO4. Organic C (OC) and total N
were measured by dichromate oxidation and the
microKjeldahl digestion procedure (Allen 1989), respectively.
MBC and MBN (mg kg−1 OC) were estimated from the ratio
of difference in C and N concentrations between the fumigat-
ed and unfumigated samples using a correction factor of 0.38
and 0.54, respectively (Brookes et al. 1985). Soil invertase
activity was measured by 3,5-dinitrosalicylic acid colorimetry
and used as glucose indicator (g glucose kg−1 OC day−1).
The activities of soil urease (g ammonia kg−1 OC day−1)
and acid phosphatase (g phenol kg−1 OC day−1) were mea-
sured by the nesslerization and disodium phenyl phosphate
colorimetric method (Guan and Shen 1984), respectively.
All above indicators were measured in spring, summer, au-
tumn, and winter, respectively.
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2.7 Leaf nutrients

Leaves were seasonally collected from April 2008 to January
2009 at the same dates with soil sampling. Three representa-
tive trees (with DBH and heights close to the average) were
selected for sampling in each plot. Then for each selected tree,
the leaves from one first-order branch were collected from
each of the four cardinal directions and combined to provide
one sample. The leaf samples were washed by deionized water
to remove dust, then oven dried at 70 °C for 48 h, ground in a
mill and screened with a 0.25-mm sieve. Total N and total P
were measured by using the microKjeldahl method and the
phosphomolybdic acid blue color method, respectively.
Organic C was determined by dichromate oxidation and titra-
tion with ferrous ammonium sulfate (Allen 1989). Leaf C/N,
C/P, and N/P were calculated using the concentrations of C, N,
and P in leaves.

2.8 Nutrient balance between input and demand

In autumn, randomly selected 18 orange trees of different ages
were cut and used to set up the biomass models of trunk,
branches, twigs, leaves, and fruits. The yearly increases in
woody organs (total trunk, branches, and twigs) and leaves
were estimated according to the allometric formulas
(Roccuzzo et al. 2012). Leaf litter-fall productivity was de-
fined as half fresh leaf biomass since the average lifespan is
about 2 years.

All fresh samples of different organs were washed in tap
water, rinsed in deionized water, oven dried at 70 °C, milled,
and sieved through a 0.25-mm mesh sieve for nutrient analy-
sis. Total N and total P were measured by using the
microKjeldahl method and the phosphomolybdic acid blue
color method, respectively (Allen 1989).

Nutrient balance budget was prepared following a general
conceptual model (Vitousek et al. 2009; Roccuzzo et al.
2012). Fertilizer applications were tabulated as external inputs
to the orchard soils and the nutrient turnover of litter-fall and
pruned twigs were tabulated as internal inputs. In contrast,
nutrient output was brought out from orchard soils by orange
fruits, branches for fire woods, and tree itself growth. Finally,
the nutrient budget in orchard soil of each stand age per year
was calculated as the total input amount by fertilizers and
residual decomposition minus the average output amount with
orange fruits, branches removal, and tree growth. Annual nu-
trient input data (2006–2008) were provided by the local agro-
technical station.

2.9 Statistical analysis

Kolomgorov-Smirnov test was used to examine whether the
data within and between groups followed the normal distribu-
tion patterns. All data were analyzed based on plot-level

average (soil nutrient variables were averaged from four sub-
plots within a plot; leaf variables were averaged from three
sampling trees within a plot). Data on soil general physical
and chemical properties were analyzed by using one-way
analysis of variance (ANOVA) with stand age as the fixed
main effect. The Tukey’s multiple comparisons method was
used to evaluate significance of differences among stand ages
as well as seasonal differences of variables within a stand age.
These statistical analyses were conducted using SPSS 16.0
(SPSS, Chicago, IL). The differences reported in the text were
tested and considered significant at a confidence level of 95 %
(P=0.05) unless specifically stated.

3 Results

3.1 Soil physical and chemical properties

Soil texture (the relative ratios of sand, silt, and clay) and C/N
ratio did not vary significantly (P> 0.05) with stand age
(Table 1). Bulk density was significantly higher in the young
and mature navel orange orchards than in the middle-aged
orchard. Organic C, total N, and P concentrations showed an
increasing tendency with stand age, while soil pH, C/P, and N/
P decreased with stand age (Table 1).

Soil N availability was influenced by both stand age and
season (Fig. 1a–c; Table S1, Electronic supplementary ma-
terial). Annual average of soil mineral N (including both
NH4

+–N and NO3
−–N) concentration was significantly

lower (P< 0.05) in the young orchard than in older orchards
(Fig. 1c). Soil NH4

+–N, NO3
−–N, and mineral N concen-

trations were generally higher in spring and summer than in
autumn and winter for all orchards (Fig. 1a–c). Except re-
sidual P, soil extractable P fractions (i.e., available P, slow
P, labile P, weathered mineral P, and occluded P) were sig-
nificantly different among stand ages (Table S1, Electronic
supplementary material), with significantly higher P avail-
ability in the older orchards (Fig. 1d–j). Soil total extract-
able P showed a significantly increasing tendency with
stand age (Fig. 1i). Soil residual P in the young orchard
was significantly lower than that in the older orchards,
while not significantly different between middle-aged and
mature orchards (Fig. 1j). Soil available, labile P concen-
tration, and mineral P concentration were generally lower in
summer than in other seasons (Fig. 1d, e, h).

3.2 Nutrient balance and use efficiency

Nutrient inputs from fertilizers were far more than the tree
demands (Fig. 2). N inputs in the young, middle-aged, and
mature orchards from fertilizers were 523.5, 422.5, and
354.0 kg N hm−2 year−1, with 120.0, 105.0, and 84.0 kg
P hm−2 year−1, respectively, while the amounts of N demands
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for these orchards were 104.1, 150.0, and 118.0 kg
N hm−2 year−1, and those of P were 11.5, 15.6, and 12.4 kg
P hm−2 year−1, respectively. N and P use efficiencies (NUE
and PUE, plant uptake/soil input) were 19.89–33.90 and
9.80–14.86 %, respectively. The nutrient input deceased with
increasing stand age, but the nutrient need was higher in the
middle-aged orchard than in the young and mature orchards.
Additionally, the yearly surplus N and P amounts were much
in excess and almost equaled to the stocks at 0–15 cm soils in
the young and middle-aged orchards but were about half the
stocks in the mature orchard (Table 1; Fig. 2).

3.3 Soil microbial biomass and activities

Soil microbial biomass C and N ranged from 1.72 to 82.70
and 0.24–2.45 mg kg−1 OC, respectively, with higher values
in the young than in the middle-aged and mature orchards, and
lower values in spring than in other seasons (Fig. 3).Microbial
biomass C/N ranged from 6.88 to 37.06, with higher values in
the young than in the middle-aged and mature orchards, and
higher in autumn than in other seasons. The relationships
among microbial biomass C and N, and soil mineral N varied
with season, and the annual average values negatively corre-
lated with the NO3

−–N concentrations (Fig. S1, Electronic
supplementary material). In contrast, soil microbial biomass
C and N negatively or insignificantly correlated with soil P
variables in each season. Additionally, soil microbial biomass
C/N negatively correlated with soil organic C (r=−0.79, n=9,
P< 0.05), total N (r=−0.62, n= 9, P = 0.07), and total P
(r=−0.83, n=9, P<0.01).

The activities of three enzymes varied with seasons and
stand ages (Fig. 3). The average invertase activity was higher
in the young and middle-aged orchards than in the mature

orchard and higher in spring and summer than in autumn
and winter. Urease and acid phosphatase activities significant-
ly decreased with stand age during each season. In general, the
enzyme activities negatively correlated with soil N and P var-
iables and varied among seasons. There were significantly
positive correlations between urease and acid phosphatase ac-
tivities (r=0.73∼0.78, n=9, P<0.05), as well as between
microbial biomass C and N (r=0.75∼0.82, n=9, P<0.05)
in each season, but all these did not correlate with the invertase
activity (Fig. S1, Electronic supplementary material).
Interestingly, annual average invertase activity positively cor-
related with pH (r=0.81, n=9, P<0.05), negatively correlat-
ed with soil bulk density (r=−0.73, n=9, P<0.05), organic C
(r=−0.79, n=9, P<0.05), and most P variables (Fig. S1,
Electronic supplementary material).

3.4 Leaf nutrients and their seasonal dynamics

Average leaf N concentration and N/P ratio were significantly
higher in the young orchard than the older orchards, with no
significant difference between the middle-aged and mature
orchards (Fig. 4). Average leaf organic C concentration and
C/N ratio increased significantly with stand age, while leaf P
concentration and C/P ratio were not significantly different
among the different aged orchards. The average leaf N/P ratio
for all stands was about 18. The lowest and highest leaf N
concentrations were shown in summer and autumn, respec-
tively, for the young orchard, while the lowest leaf N concen-
tration occurred in spring for both middle-aged and mature
orchards. In contrast, the lowest leaf P concentration was
shown in autumn and the highest in summer (Fig. 4). Leaf N
concentration did not significantly correlate with soil N nutri-
ents but negatively correlated with soil available, labile, and

Table 1 General physical and
chemical properties of topsoil
(0–15 cm) in navel orange
orchards along an age
chronosequence in the
subtropical China

Soil variables Young Middle-aged Mature

Bulk density (g cm−3) 1.25 ± 0.01a 1.12 ± 0.07b 1.28± 0.03a

Sand (>0.05 mm; %) 8 ± 1a 7 ± 1a 7 ± 1a

Silt (0.05–0.001 mm; %) 42± 2a 38± 3a 40± 2a

Clay (<0.001 mm; %) 50± 2a 55± 3a 53± 2a

pH 4.69± 0.03a 4.73 ± 0.24a 4.44± 0.18b

Organic C concentration (g kg−1) 6.46 ± 0.33b 8.18 ± 0.38ab 10.83 ± 0.78a

Organic C stock (kg m−2) 1.21 ± 0.05b 1.37 ± 0.06b 2.08± 0.12a

Total N concentration (g kg−1) 1.49 ± 0.09b 1.65 ± 0.04b 2.25± 0.29a

Total N stock (g m−2) 279.38± 14.53b 277.20 ± 7.33b 432.00 ± 45.87a

Total P concentration (g kg−1) 0.26 ± 0.07c 0.62 ± 0.02b 0.81± 0.13a

Total P stock (g m−2) 48.75 ± 14.33c 104.16 ± 5.33b 155.52 ± 28.76a

C/N 4.36± 0.18a 4.96 ± 0.16a 4.96± 0.40a

C/P 33.14± 8.37a 13.75 ± 1.12b 15.85 ± 2.84b

N/P 7.65± 2.00a 2.79 ± 0.13b 3.47± 0.84b

Note: Data presented as mean ± 1 standard error, n = 3. Different lowercase letters in the same row indicate
significant differences (P< 0.05) of mean values among three different aged orchards
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Fig. 1 Seasonal dynamics of topsoil (0–15 cm) N supply and P fractions
in the navel orange orchards along an age gradient in mid-subtropical
China. Error bars show the standard error of the mean. Different

lowercase letters in the same season indicate significant differences
(P< 0.05) of mean values among three different aged orchards
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total extractable P in some seasons. Leaf P concentration did
not significantly correlate with either soil P or N nutrients (see
Table S2, Electronic supplementary material).

4 Discussion

4.1 Soil nutrient accumulations due to over fertilization

Long-term fertilization likely leads to accumulations of N and
P in soils, and to potential environmental problems, such as
soil and water pollutions especially in managed croplands
(Zhu and Chen 2002; Fernández-Escobar et al. 2009). In this
study, both soil N and P concentrations and stocks in the
mature orchard were much higher than in the young and
middle-aged orchards. Meanwhile, the mineral N and

available P were more than two and six times in the mature
than young orchards, respectively. The nutrient budget
investigated further testified our results that over fertilization
is the key reason to increased N and P concentrations in
orchard soils. Similar result was found by Tong et al. (2009)
that long-term fertilization caused the accumulation of N in
paddy soils in subtropical China. Chen et al. (2008) reported
that total P utilization efficiency in China’s agricultural eco-
system was about 46 %, and excessive P fertilizer application
in the arable farming system led to the accumulation of soil P
and a risk to the riparian water quality. Wang et al. (2010) also
found that nutrients loss in runoff was very serious with 2.32–
7.41 t ha−1 year−1 NO3

−–N, 0.79–6.97 t ha−1 year−1 NH4
+–N,

and 0.10–4.69 t ha−1 year−1 P in the citrus orchards in the
Three Gorges Region, China. Clearly, the surplus of N and P
easily moved into local groundwater and surface water bodies

Fig. 2 Annual soil nitrogen and
phosphorus balances in navel
orange orchards of three different
stand ages. The up and down
arrows represent nutrient output
and input (kg hm−2 year−1 in
unit), respectively. The numerical
value below dotted lines represent
the difference between nutrient
input and output of navel orange
orchard
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as well as air with NxO greenhouse gas (Bouwman et al. 2002;
Kumazawa 2002; Smol 2009). Thus, it is not surprised that
NUE and PUE were only 19.89–33.90 and 9.80–14.86 %,
respectively, in our study orchards.

Meanwhile, soil N/P, the ratios of mineral N to available P
and the N surplus to P surplus decreased with stand age. In
addition, PUE was less than NUE, and the increasing percent-
age of PUEwith stand age was higher than that of NUE. These
implied that N fertilizer uses should be decreased in the older
orchards, while P fertilizer uses should be reduced for all aged
orchards. Further research is needed to quantify the suitable N
and P fertilizer use amounts in different aged orchards.

4.2 Soil acidification and microbial activity degradation

Soil is generally a strong buffer for pH; however, pH dropped
from about 4.7 in the young and middle-aged orchards to 4.4
in the mature orchard in our study. Our result was in agree-
ment with Ling et al. (2010) who found that average pH in the
navel orange orchard soils was 0.46 lower than that of non-
orchard soils in southern Jiangxi province of China. Liang
et al. (2010) also found that a significant decrease in pH oc-
curred in the first 4 years after the establishment of the new
orchards. Additionally, He et al. (1999) reported that soil pH
decreased with increasing NH4

+–N fertilizer, and the 4-year
application of 112 kg N ha−1 year−1 led to a decrease in pH of
0.7 to 1.7 units, and an increase in leaching of P and K in grape
orchards. Thus, soil acidification might be caused by the urea
and ammonium sulfate (Treseder 2008).

Decreases in soil pH caused by fertilizer application are
likely to reduce soil microbial and enzyme activities (Ajwa
et al. 1999; Zhong et al. 2007). Lower soil pH would expedite
soil microbial turnover, leading to the reduction in soil micro-
bial biomass (Jia et al. 2010). Moreover, microbes may be-
come magnesium or calcium limited or they may experience
aluminum toxicity as the soil pH decreased (Treseder 2008).
Consistent with our hypothesis, soil microbial biomass C and
N and acid phosphatase activity were significantly higher in
the young orchard than in the middle-aged and mature or-
chards, invertase activity was higher in the young and
middle-aged orchards than in the mature orchard, and urease
activity decreased with increasing stand age. Pietri and
Brookes (2009) found that soil acidification led to alter micro-
bial community structure and decrease microbial biomass. All
of these indicated that soil microbial activities and their roles
in nutrient transformation were weakened due to long-term
fertilizer uses in the older navel orange orchards, which also
suggested a potential soil N and/or P saturation in the older
orchards of the study region.

We used the RDA biplot method to further quantify the
relationships between microbial biomass/activities and nutri-
ent availabilities. In the biplot of RDA (Fig. S1, Electronic
supplementary material), the first axis accounted for more

than 97 % of the variance in soil properties for all seasons as
well as the annual average. This could be due to the close
relationships among most soil variables, including positive
correlations among microbial biomass C and N, urease and
acid phosphatase activities in each season and for the annual
average, and negative correlations between invertase activity
and various P fractions in each season. However, some rela-
tionships between soil microbial activities and nutrient prop-
erties varied with season. For example, the correlation
between invertase activity and mineral N was positive in
spring and winter, but generally negative in summer and au-
tumn, except for a non-significant correlation between inver-
tase and NH4

+–N in summer. Therefore, in addition to soil
nutrients, our study suggested that soil microbial variables
might be also influenced by seasonal environmental condition
(Wardle 1998; Zeller et al. 2001).

Additionally, N fertilization may alter soil microbial bio-
mass and activity via increasing soil N availability resulting in
direct immobilization by microbes either by decreasing their
C/N ratio or increasing their overall biomass (Wallenstein et
al. 2006). According to the enzyme inhibition hypothesis,
mineral N addition can inhibit those enzymes involved in soil
recalcitrant C decomposition, and this can reduce microbial
activity (Gallo et al. 2004). MBC and MBN negatively corre-
lated with mineral N and available P concentrations, indicat-
ing excessive N and P suppressed soil microorganisms
(Bonanomi et al. 2011). Soil microbial biomass C/N negatively
correlated with soil organic C, total N, and total P, which further
indicated a decreasing microbial N immobilization rate with
organic C and nutrient accumulations in the older orchards.
Therefore, our results suggested that the role of microbes in
soil nutrient cycling would be decreased in the older orchards
as also found by Doran and Zeiss (2000). Soil microbial ac-
tivities were weakenedwith long-term fertilization in the older
navel orange orchards, which indicated that soil self-
fertilization capacity might be gradually lost and the tree
nutrients would increasingly rely on the additional fertilizers.
Thus, the conflictions among higher productivity, less fertili-
zation, and better environment could be intensified if the man-
agement practice was not altered.

4.3 Leaf nutrients and the implications

According to criteria reported byMenino (2012), the optimum
levels of leaf N and P were 24–27 and 1.2–1.6 g kg−1, respec-
tively. The leaf N (>28 g kg−1) and P concentrations
(>1.7 g kg−1) in our study excess the criteria, which indicated
that tree growth might not be limited by nutrients. Meanwhile,
leaf N concentration decreased with stand age and correlated
with soil mineral N in spring and autumn. We deduced that
leaf N level would be regulated by soil N supply in fast-
growing season (summer), while the N supply in other sea-
sons, especially in spring, could exceed the plant demands and
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thus lead to potential N leaching (Chen et al. 2009). Leaf P
concentration kept relatively stable among the three stand ages
and did not significantly correlate with any soil P fractions in
each season, which might imply an excessive P supply to
navel orange even during periods of maximum demand (Hu
et al. 2011). In contrast, soil available P, labile P, slow P, and
occluded P negatively correlated with leaf N concentrations in
spring, summer, and autumn, but not in winter. Therefore, our
results supported the viewpoint that the response of plant leaf
to soil nutrient supply may manifest physiological adaptation
and seasonal feedback (Schoenau and Davis 2006; Chen et al.
2012, 2015). Meanwhile, these relationships indicated that
soil P supply might exceed the plant demands in growing
seasons. In addition, annual average leaf N/P ratio (∼20) was
higher in the young orchard than in the middle-aged and
mature orchards (∼17), further indicating that soil P supply
is richer than N availability in the older orchards.

5 Conclusions

Seasonal variations in soil N mineralization, P fractions, mi-
crobial biomass, enzyme activities, and leaf nutrients were
examined in the young, middle-aged, and mature navel orange
orchards. Long-term fertilization led to N and P accumulations
in soils, which not only deteriorated soil quality by decreasing
microbial biomass and enzymatic activities, but acidified the
soil with the degradation of soil self-fertilization capacity.
Decreasing fertilizer application should be taken into consid-
eration to accomplish the sustainable development of the or-
chard ecosystems. We also found that leaf N/P ratio could
reflect the relative richness of N and P in soils since they
usually respond more rapidly than soil physical and chemical
variables to environmental presses.
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