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Fig. 4.7. Root surface phosphomonoesterase activity in Agrostis capillaris seedlings
harvested after 36 days growth in microcosms containing soil removed from acid grassland
plots that have received 18 months N and 12 months P additions (+ SEM). (a) Effect of N
and P interactions (no significant differences), and (b) overall effect of P (bars are
significantly different; P<0.05).

90



or (1 ShootN - 1.0

60 [~ (@) 777 Shoot P

N

108

Hi®
HH®

NN\l

HH®

Ay

e

MLy -

a
L

&
T

w
(=
[

0.4

Shoot N (mg g™ dwt)
Shoot P (mg g dwt)

—
[=]
|

MmN #

0.0
180 - (0)

160

|
140!-
|

—t—o m\\ —

P
——1%
[ A U DR SR |

120
100

Shoot N:P ratio

3
|

e

He

&
|

20 -

Control 35N TN 14N 14NAS
Treatment (g N m?y™)

Fig. 4.8. Changes in (a) shoot N and P concentrations, and (b) shoot N:P ratio of Agrostis
capillaris seedlings harvested after 56 days growth in microcosms containing soil removed
from acid grassland plots that have received seven years of N additions (+ SEM). Bars
sharing a letter are not significantly different (P>0.05). Shoot N and P concentrations

analysed independently.
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(& SEM). Bars are not significantly different (£>0.05).
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iv) Field bioassay of root surface PME activity

Root surface PME activity of P. lanceolata seedlings transplanted to the calcareous
grassland in November 1995 increased significantly after 7 and 21 days growth in both the
14 N and 14 N AS treated plots and after 14 days growth in the 14 N treatment (Fig. 4.10).
In the seven day harvest, the activity increased from 1.25 nmol p-NP g” fwt s in the
control to 1.75 and 1.85 nmol p-NP g fwt s' in the 14 N and 14 N AS treatments
respectively. After 14 days, the activity in seedlings removed from the control plots
increased by 48 % to 1.85 nmol p-NP g fwt s while the seedlings removed from the 14 N
treatment increased by 26 % to 2.2 nmol p-NP g' fwt s and from the 14 N AS treated
plots by only 16 % to 2.15 nmol p-NP g* fwt s™. Following 21 days growth, root surface
PME activity in seedlings from the control plots decreased considerably by 38 % to a level
observed in the 7 day harvest, while the enzyme activity of seedlings removed from the 14
N treated plots decreased by only 11 % to 1.95 nmol p-NP g fwt s! and those removed
from the 14 N AS plots increased by 12 % to 2.4 nmol p-NP g fwt s

A similar effect of N treatments on root surface PME activity was observed when P.
lanceolata seedlings were transplanted for 11 days in June 1996. PME activity increased
from 6.5 nmol p-NP g fwt s’ in the control to 10 nmol p-NP g! fwt s' in the 3.5 N
treatment and significantly increased (£<0.05) to approximately 20 nmol p-NP g fwt s in
the 14 N and 14 N AS treated plots (Fig. 4.11). Root surface PME activity of P.
lanceolata seedlings transplanted to the calcareous grassland for 13 days was stimulated
following 18 months N additions, where it increased from 8 nmol p-NP g* fwt s in the
control to 17 nmol p-NP g' fwt s? in the 14 N treatment (Fig. 4.12). However, both the
lowest N application rate (3.5 g N m? y') and additions of P did not increase PME activity,
even when P was applied in combination with the 14 N treatment. Indeed, enzyme activity
significantly decreased (P<0.05) from 8 nmol p-NP g fwt s in the 3.5 N treatment to 6.5
nmol p-NP g fwt s in the 3.5 N+P treatment (Fig. 4.12).

Shoot P concentrations of P. lanceolata seedlings transplanted for 11 days to the long-term
N treated calcareous grassland plots ranged from 21 to 26 mg g' dwt. and were not
affected by the N treatments (Fig. 4.13). In contrast, shoot N concentrations increased
significantly (P<0.05) from 20 mg g dwt. in the control to 25 mg g™ dwt. in the 3.5 and 14
N treatments and 30 mg g' dwt. in the 14 N AS treatments (Fig. 4.13). A significant

93



positive decelerating quadratic relationship was observed between root surface PME
activity and shoot N concentration (r*=0.197, P<0.038; Fig. 4.14a). Root surface PME
was also strongly correlated to extractable soil inorganic P concentration (r’=0.356;
P<0.014; Fig. 4.14b). The shoot N and P concentrations of P. lanceolata seedlings
transplanted for 13 days to the short-term calcareous grassland plots were not significantly
affected by the N and P treatments (Fig. 4.15a). Shoot N concentrations ranged from 29 to
35 mg g"' dwt. while shoot P concentrations ranged from 2.8 to 4.8 mg g* dwt. The shoot
N:P ratio increased, although not significantly (P>0.05), with each increment of added N
from 13 in the control to 15 in the 3.5 N and 17 in the 14 N treatment (Fig. 4.15b).
However, the trend was reversed when P was applied in combination with N where the N:P
ratio decreased to 10 in the 3.5 N+P treatment and decreased significantly (P<0.01) to 7 in

the 14 N+P treatment.

VA-mycorrhizal colonisation of field grown P. lanceolata seedlings was almost zero.
However, many of the root samples were colonised by unidentified septate extra-radical
hyphae. Regression analysis revealed no correlation between the degree of hyphal

colonisation and root surface phosphatase activity (P>0.05).
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Fig. 4.10. Bioassay of root surface phosphomonoesterase activity in Plantago lanceolata
seedlings introduced for 7, 14 and 21 days in November 1995 into calcareous grassland
plots that have received six years of N treatments (+ SEM). Asterisk indicates significant
differences from the controls: * P<0.05, ** P<0.01, *** P<0.001, ns = not significantly
different from control.
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Fig. 4.11. Bioassay of root surface phosphomonoesterase activity in Plantago lanceolata
seedlings introduced for 11 days during June 1996 into calcareous grassland plots that have
received nearly seven years of N treatments (+ SEM). Bars sharing a letter are not
significantly different (£>0.05).
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Fig. 4.12. Bioassay of root surface phosphomonoesterase activity in Plantago lanceolata
seedlings introduced for 13 days during June 1996 into calcareous grassland plots that have
received 12 months of N and P treatments (+ SEM). Bars sharing a letter are not

significantly different (P>0.05).
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Fig. 4.13. Shoot N and P concentrations in Plantago lanceolata seedlings following an 11
day bioassay during June 1996 of root surface phosphomonoesterase activity in calcareous
grassland plots (= SEM). Bars sharing a letter are not significantly different (P>0.05).

Shoot N and P concentrations analysed independently.
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relationship with extractable soil inorganic P concentration (= 0.356, P<0.014).
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Fig. 4.15. Changes in (a) shoot N and P concentrations (no significant differences), and (b)
N-P ratio of Plantago lanceolata seedlings (Bars sharing a letter are not significantly
different; P>0.01) following a 13 day bioassay in June 1996 of root surface

phosphomonoesterase activity in calcareous grassland plots (= SEM).
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4.3.2 Effect of N treatments on the root system of Carex flacca

Root length was not significantly affected by additions of either N or P and ranged from 86

cm 100 cm? in the 3.5 P treatment to 113 cm 100 cm™ in the 14 N treatment (Fig. 4.16). In

contrast, substantial changes occurred in the percentage of root containing dauciform

swellings. The combined effect of N and P had no effect on the abundance of all types of
dauciform swellings although the percentage root containing young smooth swellings

ranged from O % in the 3.5 P to 2.5 % in the 14 N+P treatment (Fig. 4.17a). Significant

differences (P<0.05) in the percentage of dauciform swellings per length of root only
occurred in plants removed from plots receiving P, either with or without N (Fig. 4.17b).

Here the percentage root length containing all categories of dauciform swellings decreased

from 22 to 12 % in response to added P, while the young hairy category decreased from 2

10 0.2 % and the old hairy category decreased from 7 to 2.5 %. No effects were observed

on either the young smooth and old smooth categories. In all plots, the old smooth and old

hairy categories were the dominant type of dauciform swelling.
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Fig. 4.16. Root length of Carex flacca removed from calcareous grassland plots that have

received 18 months N and 12 months P additions (+ SEM). Bars are not significantly
different (P>0.05).
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Fig. 4.17. Percentage of Carex flacca roots (+ SEM) comprising different morphological
types of dauciform swellings in plants removed from calcareous grassland plots that have
received (a) 18 months N and 12 months P (no significant differences), and (b) the overall
effect of 12 months P additions (bars sharing a letter are not significantly different; £>0.05).
Type of swellings analysed independently.
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44 DISCUSSION

The optimum pH for assay of root surface phosphomonoesterase (PME) activity of
Plantago lanceolata seedlings was between pH 5 and 6 (Fig. 4.2). The close similarity
between the optimum pH for root surface PME activity and the pH of soil (pH 6.5) on
which P. lanceolata is found in nature is expected. The optimal pH for assay of root
surface PME of Eriophorum vaginatum seedlings has been found to be between 3.5 and 4,
while the mean soil solution pH of the tussocks from which the plants were removed was
3.7 (Kroehler and Linkins, 1988). Similar results have also been reported for bulk soil
PME activity (which originates from either microbial biomass, mycorrhizas or root
exudates), whereby acid PME is predominant in acidic soils and alkaline PME is
predominant in alkaline soils (Eivazi and Tabatabai, 1977). Root surface PME activity was
consistent when the assay was buffered using Na and K citrate and TRIS/maleate. The
substantial increase in activity when the assay was buffered using Na acetate almost
certainly indicates leakage of the enzyme, probably from epidermal cells of apical root
zones, since PME and other enzymes are typically concentrated in this area (Marschner,
1995). Acetic acid, and other monocarboxylic acids, have been shown to cause excessive

membrane leakiness as reflected by leakage of potassium and nitrate ions from root tissue

(Lee, 1977).

Root surface PME activity of Plantago lanceolata seedlings were an order of magnitude
lower than for Agrostis capillaris seedlings, regardless of whether they were grown in the
field or microcosms. PME activities of P. lanceolata seedlings grown in microcosms were,
however, greater than field grown plants. Root surface PME activity of plants grown in
control soils were 21 nmol g fwt s for the microcosm study and between 1.2 and 8 nmol
g" fwt s for the field bioassay. The inter species differences can probably be explained by
the finer root systems typical of grasses as compared to forbs. Fine roots are known to
have a more active role in nutrient acquisition than coarser roots (Marschner, 1995).
Differences in mycorrhizal colonisation was not a factor since neither of the root systems
had any significant level of infection. The intra-species differences observed between field
and microcosm grown P. lanceolata seedlings is likely to result from the more favourable
environmental conditions experienced by the seedlings grown in the microcosms, therefore
resulting in more active young root biomass. Comparison of the root surface enzyme

activities reported in this study with published data from other investigations is confounded
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by the use of a number of different units and assay procedures. Many other workers have
used acetate buffer which is known to cause leakage of enzyme and overestimate true
activities as confirmed in the present study (Fig. 4.3) and by Lee (1977). The approach
taken here whereby results were expressed as nmol fresh weight' was found to be more
reproducible (i.e. lower coefficient of variation) than using dry weights or root length (data
not shown). The root surface PME activities of P. lanceolata seedlings fall within the
range of published values measured using a number of different species, while the activities

of A. capillaris roots were approximately an order of magnitude greater (Table 4.1).

When grown in microcosms, the long-term N amendments significantly increased root
surface PME activity of Agrostis capillaris seedlings on the acid soil, while a parallel effect
was seen in Plantago lanceolata seedlings grown in the calcareous soil, but this was not
significant (P>0.05). The increased PME activities in A. capillaris seedlings in response to
long-term N additions suggests greater phosphate limitation in plants following soil N
enrichment. This was clearly supported by the relationship between root surface PME
activity and KCl extractable soil ammonium concentrations, which accounted for over 85 %
of the variation in enzyme activity. The relationship indicated a progressive increase in
PME activity with increasing soil ammonium concentrations, reaching a maximum when the
ammonium concentration was approximately 75 pg N g dwt. Above this concentration,
PME activity progressively declined which may indicate a toxic effect of ammonium.
Toxicitiy symptoms have been reported for Sinapsis alba L. seedlings subjected to 1 mM
ammonia (Mehrer and Mohr, 1989), although no visible signs (e.g. stunted root growth,
shoot discoloration) were apparent in the present study. The importance of ammonium
over nitrate in determining root surface PME activity of A. capillaris reflects their
concentrations in the soil, ammonium concentrations extended over a 180-fold variation
between 0.67 and 124 pg g soil dwt which contrasts markedly to those for nitrate which
ranged from only 2.9 to 4.3 pg g soil dwt (Chapter 2, Table 2.4). No relationship was
found between root surface PME activity and shoot N and P concentrations or shoot N:P
ratio. It would be expected that plants with low shoot P concentrations, reflecting
increased demand for P, would have higher root surface phosphatase activities. In the A.
capillaris seedlings, a decrease in shoot P concentration was observed in plants grown in
the 3.5 N treatment, which was reflected by a significant increase in shoot N:P ratio. It may

be possible that the differences in shoot N and P concentrations are a result of a gradient
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Table 4.1. Comparison of root surface PME activities of plants measured during this study with published values.

Species Reported activity Activity Comments Reference
(nmol g fwt s)

Plantago lanceolata 1.2-35 pHS This study

Agrostis capillaris 155-415 pH45 This study

Sitka spruce 0.14-0.27 23345 pH 4.6 Alexander and Hardy (1981)
nmol g' fwt min’!

4 ecotypes of Aegilops peregrina  1.38-3.95 0.00038-0.00109% pH48,64and7.3 Silberbush et al. (1981)
nmol mm? h'!

Deschampsia flexuosa 1.39-36.7 1.39-36.7 pH 4.5 Atkinson (1983)

Festuca ovina nmol g' fwt s Root tips

Juncus squarrosus L.

Nardus stricta

Rape, wheat and onion 1.94-11.38 5.38-31.6 M and NM (wheat and onion) Dodd et al. (1987)
umol 100 mg! fwt h*! pH 5.2 Acetate buffer

Eriophorum vaginatum 0.2-9 0.000055-0.0025+ pH 4 Kroehler and Linkins (1988)
nmol mm? h”! 1-48°C

Barley 199-2511 3.33-41.85 pH 6 Lee (1988)
nmol g’ fwt min’

Clover 0.094-0.378 0.00157-0.0063 pH 5.4 Tarafdar and Claassen (1988)
EU x 10° Acetate buffer

22 vascular epiphytes from 14.9-112.8 4.14-31.33% pHS5 Antibus and Lesica (1990)

tropical rain forest umot g! dwt h! 21-24°C

Phaseolus vulgaris L. 2.7-14.5 0.084-0.428 pH4,5,6 Helal (1990)
umol plant! h! :

Lupinus albus 5.9-34.7 0.0118-0.0693 pH 4.8 Adams and Pate (1992)

L. augustifolius L. mg p-NP g fwt h'! # Cluster roots

t Values expressed per mm2 A tentative conversion factor to fresh weight of X7000 has been suggested by Alexander and Hardy (1981).
t Values expressed on a dry weight basis.
NM=non mycorrhizal, M=mycorrhizal
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between the N treatments in the availability of phosphatase hydrolysable organic P sources
(Tarafdar and Claassen, 1988). Root surface PME activity of a number of species has been
found to be strongly influenced by the P status of the growth medium, since inorganic P is a
potential inhibitor of the enzyme (Alexander and Hardy, 1981; Kroehler and Linkins, 1988).
It would therefore be expected that the P status of the soils from the treated plots is related
to root surface PME activity. Despite concentrations of extractable inorganic P being 18 %
lower in the 3.5 N treated plots as compared to the control (Table 2.7), no correlation with
the root surface PME activity of A. capillaris was found (r = 0, P>0.596). However,
Atkinson (1983) reported a similar effect and found that the root surface PME activity of 3
grassland species, including Festuca ovina, Juncus squarrosus and Nardus stricta, did not
change significantly when the plants were supplied with either 0.05 or 1.06 mol P m* to
their growth medium. In contrast, root surface PME activity of Deschampsia flexuosa was
reduced by more than 50 % in the high P treatment, possibly indicating inter-species
differences in the demand for P. It must also be remembered that the soil P concentrations
measured in the present study represent the bulk soil and that root surface PME activity is
more likely to be affected by the nutrient status of the rhizosphere. 18 months of N
additions had no effect on root surface PME activity of A. capillaris seedlings but PME
activity was significantly lower in plots that had received applications of P. Shoot N and P
concentrations were not correlated with root surface PME activity. As with the long-term
treatments, no correlation between PME activity and extractable soil inorganic P
concentration was found (r* = 0, P>0.892) despite a 70 % increase in extractable P
concentrations in plots that had received additions of P (Table 2.7). The lack of any
short-term N treatment effect on root surface PME activity of A. capillaris, but a significant
increase following long-term treatments supports the conclusions from Chapter 3 that in the

long-term, N deposition leads to a shift from N to P as the main nutrient limiting plant
growth.

The field-bioassays of root surface PME activity in the calcareous grassland were highly
sensitive to long-term N treatments. Root enzyme activity of P. lanceolata seedlings
significantly increased after just 7 days growth in November 1995 and after 11 days growth
in June 1996. In contrast to the acid grassland, root surface PME activity was also
stimulated in the short-term 14 N treatment. The rapidity of this adaptation when
transplanted to N amended soils clearly illustrates increased P limitation to plant growth. In

104



addition, shoot N concentration was positively correlated (P<0.038) with root surface
PME, whereas extractable inorganic soil P concentrations were negatively correlated
(P<0.014) in seedlings transplanted into the long-term plots in June 1996 (Fig. 4.14a, b).
This further strengthens the interrelationship occurring between enhanced N deposition and
P cycling. Few studies have focused on the interactions between N and P cycling.
Interrelationships between PO,-P and NH4-N supply and nitrification have been reported for
forest soils (Pastor et al., 1984) and savanna grasslands (Purchase, 1974), while Van
Oorschot et al. (1997) found that N and P availability in a low productivity riverine system
had different controlling variables. The results obtained from the bioassay provide clear
evidence of plant adaptation to a system that is increasing in P limitation as a result of

(simulated) enhanced aerial N deposition.

Unexpectedly, the N treatments had no effect on either root length or the number of
dauciform swellings of Carex flacca plants despite the likely increase in P limitation.
However, removal of this limitation following additions of P greatly reduced the abundance
of swellings. In particular, P treatments led to significant decreases in the percentage of
root comprising of young hairy and old hairy types of swelling. Although the older types of
swelling were the most dominant types, it is likely that the most important functional types
are those surrounded by hairs. The hairs were found to adhere strongly with soil particles
and probably have a role in nutrient acquisition, as reported for proteoid cluster roots (e.g.
Lamont et al., 1984). The significant effects of P on these clusters indicates they may
specifically be involved in P mobilisation although the exact mechanisms can only be
speculated upon. Preliminary measurements undertaken in this study (data not shown)
revealed no differences in root surface PME activity in dauciform and non-dauciform roots
when expressed on a fresh weight basis. However, the PME activity per volume of soil in
contact with the roots would be substantially greater for the hairy dauciform swellings.
Other mechanisms may involve solubilisation of calcium phosphates through the secretion
of organic acids, as suggested by Lamont (1974), or colonisation by P-solubilising bacteria,
as reported for proteoid root clusters in waratah (7elopea speciosissima (Sm.) R.Br,;
Wenzel ef al., 1994).

In the future, it would be desirable to extend the bioassay to include species representative
of a range of genotypes. This would be particularly important in the calcareous grassland
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which is host to a very rich flora and where N treatments have resulted in significant
changes in species abundance and biomass. Furthermore, the role of VA-mycorrhizal
infection in the production of root surface PME needs to be addressed since these fungi
have been found to stimulate root surface and rhizosphere PME activity of wheat and onion
(Dodd et al., 1987). Although other studies have shown that P. lanceolata can be
colonised very rapidly (Birch, 1988), the seedlings used in the present bioassay had virtually

no mycorrhizal infection (data not shown).
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CHAPTER 5

CHANGES IN MICROBIAL BIOMASS C, N AND P IN

RESPONSE TO LONG-TERM INPUTS OF N AND SHORT-TERM
INPUTS OF N AND P
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5.1 INTRODUCTION

Soil microbial biomass comprises a diverse range of microorganisms including bacteria,
fungi (saprotrophic and mycorrhizal), actinomycetes and protozoa. In terms of numbers,
bacteria are generally regarded as being most abundant, with up to several billions g soil
(Paul and Clarke, 1996), while fungi typically account for the greatest biomass. The
microbial biomass has a fundamental role in the decomposition of organic residues and
subsequent cycling of C, N and P. One of the most important nutrient cycling processes
undertaken by the microbial biomass is the breakdown of organic N and P compounds,
since the productivity of most semi-natural plant communities is limited by one or both of
these nutrients (Ellenberg, 1988). The net result can be either mineralisation, resulting in
the release of plant available inorganic nutrients, or immobilization, whereby nutrients are
held within microbial tissues. Often both processes are undertaken simultaneously by
different groups of organisms in soil microsites. Microbially-driven nutrient cycling
processes are of fundamental importance for the maintenance of plant productivity,
particularly in semi-natural ecosystems, since unlike most agricultural systems they do not
receive any fertiliser inputs of nutrients. These processes include ammonification,
nitrification, denitrification and N fixation (see Section 1.3.1). A number of studies have
shown that the microbial biomass is considerable in semi-natural systems with typical values
of 0.5-9 mg C g' dwt for semi-natural grassland and forest soils (Anderson and Domsch,
1978; Sparling and Williams, 1986; Ross et al., 1996; Anderson and Joergensen, 1997) as
compared to only 0.1-1 mg C g"' dwt for agricultural soils (Anderson and Domsch, 1978;
Sparling et al., 1981; Kaiser and Heinemeyer, 1993). This highlights the importance of
microbial biomass as a sink for C. In addition, microbial biomass has further importance as
a sink for N and P. Biomass P has been found to account for approximately 4 % of total
organic P in arable soils and up to 24 % in long-term grasslands (Brookes e al., 1984),
while contributions to NaHCO; extractable P of between 4 and 76 % have been reported
for New Zealand pasture soils (Sparling et al., 1985a). The authors suggested that
microbial P may be particularly important in organic matter enriched soils. This indicates
that the amount of biomass P in heathlands and other semi-natural ecosystems, where
organic P can account for 90 % or more of the total P, is also likely to be considerable. In
addition, the microbial biomass is considered to be a relatively labile soil component that is
susceptible to management practices and fluctuations in soil water content (Sparling e al.,

1985a). Phosphodiesters in particular, which are the most abundant sources of P in
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microbial biomass (Kapoor and Haider, 1982) may, therefore, have an important role as a P
source for plants, as demonstrated for ericaceous plants and their associated mycorrhizas

(Leake and Miles, 1996, Myers and Leake, 1996).

Very little work has focused on changes to the microbial biomass resulting from chronic
atmospheric inputs of N, although other anthropogenic inputs including potentially toxic
elements (Béath, 1989), sewage sludge (Chander and Brookes, 1991), large scale fertiliser
additions of N (Baath er al., 1981) and atmospheric deposition of SO, (Wainwright, 1980)
have been shown to affect the biomass. This is surprising considering the pivotal role of
microorganisms in nutrient cycling and maintaining ecosystem functioning, particularly in
the low productivity ecosystems that are considered to be most sensitive to enhanced N
inputs. Fertiliser inputs of N often reduce microbial biomass C (C.i) and soil respiration
rates as reported for Swedish spruce forests (Baath ef al., 1981; Soderstrom et al., 1983),
long-term pastures (Lovell et al., 1995) and agricultural clay loams and sands (Kowalenko
et al., 1978). Such a large ionic influx may result in toxicity due to an increase in the
osmotic potential of the soil solution (Broadbent, 1965) which is to be expected given the
magnitude of many fertiliser applications. For example, Béath ez al. (1981) applied between
150 and 600 kg N ha™ y' (15-60 g m* y"') of ammonium nitrate to a podsolic soil in single
applications. The treatments in the present study are more comparable to those of Lovell et
al. (1995) who applied 200 kg N ha™' y"' in nine equal applications during the grazing season
for 10 years to a long-term grassland. They found that microbial biomass C and N both
decreased in response to the treatments. Although this response was consistent throughout

the year, there was an increase in microbial biomass during Spring in all treated plots.

It is likely that any changes in plant productivity would be mirrored by changes in Cyi, since
litter and root biomass are both important sources of C for microbial biomass. Above
ground biomass of upland Calluna heaths can be as high as 2000 g m” y" (Barclay-Estrup,
1970), with an annual litter production in the range 179-485 g m? y' (Robertson and
Davies, 1965), depending on the age of the stand. Fine root biomass of dry Calluna heaths
has been found to be in the range 303-612 g m™ (Tinhout and Werger, 1988). In the acid
and calcareous grasslands used in the present study, above ground biomass was
approximately 200 g m? (Chapter 3). The greatest interception of the treatments is

therefore likely to occur in the heathland where the vegetation canopy is the greatest. At
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the heathland site, plant cover has increased in response to the treatments, while in the acid
grassland cover has decreased and in the calcareous grassland no change has occurred (J.
Carroll pers. comm.). It is hypothesised that changes in Cii. may reflect plant productivity

in the grasslands.

The results from Chapters 3 and 4 provide strong evidence that the vegetation in the
calcareous grassland continues to be strongly limited by P after 7 years of N treatments. In
contrast the acid grassland was initially N limited, but may have moved closer towards P
limitation following the N additions. Increased microbial demand for P mirrored by parallel
changes in immobilisation rates as a consequence of enhanced N deposition may lead to
even greater plant demand for P as the supply of mineralised orthophosphate decreases.
Although there is no information addressing the effects of N deposition on microbial
biomass P, fertiliser additions of N to a permanent pasture have been found to lead to
commensurate increases in both biomass C and P. In contrast, additions of P substantially
increased the biomass C:P ratio (Brookes ef al., 1984). An understanding of any changes in
the proportions of N and P held in the microbial biomass is critical in determining

interactions between increased N deposition and P and N cycling.

A number of techniques are available which enable the quantification of Cui including
fumigation incubation (FI), fumigation extraction (FE) and substrate induced respiration
(SIR). Other methods give relative measurements of biomass by determining key metabolic
activities such as dehydrogenase, or by extraction of compounds representative of the
microbial biomass including nucleic acids, ergosterol and adenosine triphosphate (ATP).
The FI method is generally regarded as a benchmark in soil biomass determinations against
which many of the other methods are calibrated. Briefly, it involves the measurement of a
temporary flush of respired CO; and extractable NH, in a soil sample previously fumigated
with CHCL. The increase in CO; evolution during a 10 day incubation period is used to
estimate Coi. (Jenkinson and Powlson, 1976a, b) and extractable NH, to estimate biomass N
(Jenkinson, 1988; Voroney and Paul, 1984).

The SIR method involves the addition of glucose to a soil sample from which the initial (1-4
h) respiratory response is measured (Anderson and Domsch, 1978). Cui determinations are

based on the significant relationship obtained between maximum initial SIR rates and Cy as
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measured by FI. The relationship was obtained using 50 soil samples with varying chemical
properties. Subsequent studies have derived similar equations by extending the range of
soils or adjusting the assay conditions (e.g. temperature) and procedures (West and
Sparling, 1986; Cheng and Coleman, 1989; Heinemeyer et al., 1989; Kaiser et al., 1992).

The FE method uses the difference in the quantity of extractable microbial constituents from
fumigated and non-fumigated soils as an index of Cui (Vance et al., 1987), N (Brookes et
al., 1985) and P (Brookes et al., 1987). All of the methods outlined above have potential
advantages and disadvantages. The SIR method is particularly advantageous since it allows
for the simultaneous determination of basal respiration rates (Sparling ez al., 1981), Cu
(Anderson and Domsch, 1978), metabolic quotient (Pirt, 1975) and glucose induced
respiration rates. The metabolic quotient (the ratio of basal respiration:Cuic) has been
shown to be a sensitive indicator of environmental stress on soil microbial communities
(Anderson and Domsch, 1993). In addition, SIR-biomass is derived from actual
measurements of microbial activity. In contrast, the FE method does not measure microbial
activity but is dependent on extraction of microbial constituents. This can present problems
in that only a proportion of the extracted C, N or P is actually of microbial origin. The
proportion of non-microbial C, N or P is accounted for by the application of k. values,
which have been derived by a number of workers. However, the application of both the FI
and FE methods to soils in which organic compounds contribute markedly to the total N
and P concentrations can also result in erroneous values, particularly for estimates of
biomass N and P, due to breakdown of non-microbial material following fumigation
(Couteaux et al., 1990). In the present study, this may be especially problematic for the
heathland soil which has a high organic matter content (Table 2.1) but is also likely to
contain large concentrations of lipidic compounds which may be particularly sensitive to the
chloroform treatments. However, no other method exists which attempts to quantify
microbial N and P. Given the importance of this measurement, the FE has been applied to
the three field sites, but the results are interpreted with a great degree of caution. In
particular, no emphasis is placed on making comparisons with other studies. Despite these
potential problems, intra-site comparisons are likely to be more valid. The development of
reliable methods for determination microbial N and P in highly organic soils certainly

warrents further research.
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A pragmatic approach was therefore taken in this study whereby the SIR method was
applied to all the soils for measurements of Cic. Biomass C, N and P were measured using
FE. Although the FE data are described as microbial biomass, it is recognised that they may

include additional non-microbial constituents.

5.1.1 Aims

This chapter aims to investigate the effects of long-term N treatments on microbial biomass
C, N and P. Measurements of C.i were made by SIR in the F and H horizons of the
heathland, the F and Ah horizons of the acid grassland and the Ah horizon of the calcareous
grassland. Biomass C, N and P were also measured by FE in the F horizon of the heathland
and Ah horizons of the long-term acid and calcareous grassland plots. Only FE-biomass C

and P were measured in the short-term acid grassland plots.

S.2 MATERIALS AND METHODS

5.2.1 Determination of respiration rates

i) Basal respiration
Basal respiration is defined as the CO,-C that is normally evolved from soils which have had

no substrate amendment (Sparling er al., 1981). Measurements of basal respiration were
undertaken in August 1995 using soil removed from the F and H horizons of the heathland,
the F and Ah horizons of the acid grassland and the Ah horizon of the calcareous grassland,
and in August 1997 using soil removed from the F horizon of the heathland and the Ah
horizons of the acid and calcareous grasslands. All samples were stored and prepared as
described in Section 2.2.1 and had their moisture contents adjusted to 60 % by adding up to
1 ml of de-ionised water to 1 g soil (dwt). Respiration (oxygen consumption) was
measured at 22°C in 15 minute intervals for up to 5 h with an automated Merit 20
manometric electrolytic respirometer (E. R. Addington Engineers Ltd.). Oxygen
consumption (ul h') was converted to CO,-C evolution (ug CO.-C g soil dwt h') using

the following equation:

ug CO,-C =pl 0, x 16.5 (Equation 5.1)
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ii) Substrate induced respiration (SIR) for determination of biomass C

Determinations of C... by SIR were undertaken in parallel with the basal respiration
measurements. The optimal rate of glucose amendment, determined following addition of
between 1 and 50 mg glucose g soil dwt, was found to be 5 mg glucose g soil dwt. for all
of the soils, a value similar to that obtained by a number of other studies (e.g. Sparling ez
al., 1981). One of the main problems with the original SIR method (Anderson and
Domsch, 1978) was ensuring that the glucose was fully dispersed within the soil sample. In
the present study, this was overcome by adding glucose in solution. The solution was
added so each soil sample had an equal moisture content (60 %) sufficient to remove any
potential water limitation (West and Sparling, 1986). Substrate induced respiration was
measured as described in Section 5.2.1i but the oxygen consumption was converted to CO,
evolution rather than CO,-C. Basal respiration was subtracted from these values in order to
differentiate between the CO, normally respired by the soil and that evolved as a

consequence of glucose metabolism. Cnic was then calculated using the equation:

x = 40.04y + 0.37
(only valid when the incubation temperature is 22 + 0.5 °C)
where:
x = mg Cpic g soil
y =ml CO, g" soil h"

iii) Metabolic quotient
The metabolic quotient (¢CO, or specific respiration rate) was determined using the
following equation:

basal respiration (ug CO.-C g! soil)

0. (g CO+C g' Cusc h') =
70! Cumic(mg C g soil)

i i iration
The maximum respiration rates in response to glucose amendments during incubations of 5

h duration were calculated as described in equation 5.1.
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5.2.2 Fumigation extraction (FE)
All FE experiments were undertaken using soil samples removed during May 1997 from the
F horizon of the heathland and the Ah horizon of the acid grassland and during June from

the Ah horizon of the calcareous grassland.

i) Biomass C
Caic is determined by the difference in the amount of extractable total organic carbon (TOC)

in an unfumigated and a fumigated soil sample multiplied by a calibration factor, K. (Vance
et al., 1987). Fumigation is achieved by boiling chloroform with one set of the soil samples
in a vacuum desiccator. In the original method, approximately 50 ml chloroform was added
to a separate beaker which was placed within the desiccator. However, preliminary studies
showed that addition of chloroform directly into the vials aided fumigation efficiency.
Duplicate 2 g (dwt) soil samples (prepared as described in Section 2.2.1) were placed in 20
ml universal vials. To each vial of the fumigated soil was added 0.5 ml ethanol-free CHCl,,
which had previously been washed 6 times with distilled water to remove any residual C.
The desiccator was lined with moist paper towels (to maintain humidity), evacuated until
the CHCI; had boiled for 5 minutes, covered with a black plastic sack and incubated for 24
h. The duplicate set of vials were also kept in darkness for 24 h. After fumigation, the
desiccator was evacuated 6 times and left open in a fume cupboard for 20 mins to ensure
removal of any residual chloroform. Each vial was shaken (side-to-side) for 45 min with 20
ml 0.5 M K;SO,, the soil suspensions were then vacuum filtered (Whatman No 1.) and
frozen (-20 °C) prior to analysis of TOC by sodium persulfate digestion/UV absorption
(LabTOC, Pollution and Process Monitoring Ltd.). A set of blank filtrates were run for
both fumigated and unfumigated samples. The FE method has been found to be unreliable
indicator of C.i in organic matter enriched soils (40 % organic carbon) that are very wet
(75 % water content, Couteaux ef al., 1990). The authors suggested the high water content
of the soil protected the microbial cells owing to the low solubility of chloroform and so in

the present study, the moisture content of all the soils was not higher than 45 %.

The concentration of TOC in the soil extracts was converted to C.: using the following

equation:

Coic = (Cf - Cnf)/Kec
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where

Cs= C in the fumigated extract

Cuc = C in the unfumigated extract

K. = is the proportion of the microbial C that is extracted from the soil (0.38; Vance ef al,
1987).

ii) Biomass N

Biomass N was determined in the same extracts as for C.ic (Brookes et al., 1985), but was
not measured in the short-term acid grassland plots. The extracts were digested as
described in Section 2.2.2 and NH," measured colorimetrically (Cecil 2010; Scheiner,

1976). Biomass N was determined using the following equation:
Biomass N = (N¢ - Ny)/Ken

where

N¢= N in the fumigated extract

N« = N in the unfumigated extract

K. = is the proportion of the microbial N that is extracted from the soil (0.54; Brookes et

al, 1985).

Biomass N was also expressed as a percentage of Cpc:

Cmic
% biomass N = biomass N x — (equation 5.2)
100

iii) Biomass P

The determination of biomass P uses the same fumigation procedure as for biomass C and
N. Inorganic P (P;) is extracted with 0.5 M NaHCO; adjusted to pH 8.5. Correction for
absorption of P; onto soil organic matter was accounted for by addition of 0.25 ml 80 ug P;
ml? to a duplicate set of samples prior to extraction (Brookes ef al., 1982). P; in the
extracts was determined colorimetrically by autoanalysis (Techator FIAStar 5010
auto-analyser). Biomass P (ug P g soil dwt) was calculated using the following equation:
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) 20(Ps - Py)
Biomass P = —_—

Kep(Pugp-Pur)

where

Pc=P; (ug P: g" soil dwt) in the fumigated extract

Py = P; (ug Pi g soil dwt) in the unfumigated extract

P, = Pi (ug P; g soil dwt) in the unfumigated extracted spike with 20 pg P; g"'soil dwt

K., = is the proportion of the microbial P that is extracted from the soil (0.4; Brookes et al.,
1982).

Biomass P was also expressed as a percentage of C.. in accordance with equation 5.2.

53 RESULTS

5.3.1 Heathland

During August 1995, SIR-C.... ranged from 13.4 to 18.7 mg C g soil dwt in the F horizon
and from 7.5 to 11.1 mg C g soil dwt in the H horizon (Fig. 5.1a). Repeated
measurements of Cy in the F horizon during August 1997 gave constantly lower values.
SIR-biomass C ranged from just 1.8 to 2.7 mg C g soil dwt while FE-biomass C ranged
from 2.7 to 3.6 mg C g soil dwt (Fig. 5.1b). However, patterns of response in Cy to the
N treatments was similar for both years. During 1995, SIR-biomass C increased in all of
the treated plots, although this was only significant (£<0.05) in response to the 8 N and 12
N treatments in the F horizon (Fig. 5.1a) where C, increased by 40 % and 34 %
respectively. The same pattern was observed in 1997 where SIR-biomass C increased
significantly by 47 % in the F horizon of the 8 N treated plots (12 N not analysed).
Although not significant (P>0.05), FE-biomass C increased in response to all levels of N
addition (Fig. 5.1b). The greatest change occurred in the 4 N treatment where Cumi
increased by 33 % as compared to the control.

Basal respiration measured in 1995 ranged from 787 to 922 pg CO,-C g soil in the F
horizon and from 426 to 695 pg CO,-C g soil in the H horizon (Table 5.1). Basal
respiration was not affected by the N treatments and did not show any parallels between the

1995 SIR-biomass C values in either the F or the H horizons. As with the Cu values, basal
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respiration rates were considerably lower in 1997 than in 1995 and ranged from 12 to 92 pg
CO-C g! soil h' (Table 5.1). In contrast to 1997 SIR and FE-C., basal respiration
decreased in response to the N treatments. This was most apparent in the 8 N treatment
where the respiration rates were 87 % lower. The response of the microbial biomass to
additions of glucose closely mirrored Cuic in both the F and H horizons and in each year
(Table 5.1). The 1995 glucose induced respiration rates ranged from 4.8 to 6.4 mg CO,-C
g soil h in the F horizon and from 2.8 to 3.7 mg CO,-C g™ soil h" in the H horizon while
in 1997 they were an order of magnitude lower and ranged from 0.47 to 0.68 mg CO,-C g
h' (Table 5.1). Significant increases (P<0.05) were only observed in the F horizon in
response to the 8 and 12 N treatments.

The metabolic quotient (¢qCO».-C) was significantly (P<0.05) lower in the 8 and 12 N
treatments as compared to the control during both 1995 and 1997 (Table 5.1). The most
striking effect occurred in 1997 when gCO.-C fell by 92 % in response to the 8 N

treatment.

Microbial biomass N ranged from approximately 600 to 1070 pg g™ soil in the F horizon
during 1997 (Fig. 5.2a). Significant increases were observed at all treatment levels
(P<0.05) where biomass N increased progressively from the control by 39, 52 and 76 %
with each added increment of N (Fig. 5.2a). Biomass N expressed as a percentage of Cyu
ranged between 15 and 20 % but was not significantly (P>0.05) affected by any of the
treatments (Fig. 5.2b). The quantity of biomass P was similar to biomass N and ranged
from 760 to 920 pg g' soil (Fig. 5.2a), while biomass P as a percentage of C... ranged
between 27 and 32 %. Neither the quantity or the proportion P within C; were affected by
any of the N treatments (P>0.05).
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Fig. 5.1. Microbial biomass C (Cei) in a heathland soil measured in (a) the F and H
horizons during August 1995 by SIR following 6 years of N treatments and (b) the F
horizon during August 1997 by SIR and FE following 8 years of N treatments (+ SEM).
Bars sharing a letter are not significantly different (P>0.05). NA = Not analysed.
Treatment codes: Control = water only, 4, 8 and 12 N =4, 8 or 12 g N m? y! (as

ammonium nitrate).
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Table 5.1. Glucose induced and basal respiration rates and metabolic quotient (¢CO,-C) in the F and H horizons of a heathland soil that has

received up to 8 years N treatments (x SEM). NA = Not analysed. Values sharing a letter are not significantly different (7>0.05).

F horizon
Basal respiration Glucose induced respiration qCO,-C
(ug CO-C g' dwt h') (mg CO,-C g dwt h') (mg CO,-C g' Cic h)

Treatment 1995 1997 1995 1997 1995 1997
Control 786.6° (£ 90.6) 92.40° (+28.89) 4.81°(x049) 0472°(:0.053) 6183°(x6.74) 41.89°(15.71)
4N 921.7°(+ 133.4) 50.60°(+ 18.35)  5.84% (£ 0.59)  0.629°(x 0.104) 55.77%(+5.45) 21.78° (% 6.00)
8N 758.7°(£ 106.2)  12.10°(£9.34)  6.36°(£0.55)  0.680° (£ 0.057) 44.35°(£6.12)  3.74° (+2.66)
12N 821.7°(+ 156.8) NA 6.20° (£ 0.49) NA 47.42% (+ 7.60) NA

H horizon
Control 516.2% (= 70.2) NA 2.75 (+ 0.32) NA 69.67° (x 6.90) NA
4N 509.0° (+ 72.6) NA 3.01 ( 0.34) NA 66.21% (+ 11.54) NA
8N 426.1° (= 71.0) NA 3.75° (£ 0.31) NA 40.77° (+ 5.83) NA
12N 695.1° (= 151.3) NA 3.67° (£ 0.54) NA 75.61° (= 16.49) NA
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Fig. 5.2. Changes in (a) microbial biomass N and P (bars sharing a letter are not
significantly different; P>0.05) and (b) the percentage N and P held in the microbial biomass
in a heathland soil (bars are not significantly different, P>0.05) that has received 8 years of

nitrogen treatments (+ SEM). Treatment codes as for Fig. 5.1. % biomass N or P

calculated according to equation 5.2.
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53.2 Acid grassland
i) Effect of 7 years N treatments
During August 1995, SIR-Cui in the F horizon of the long-term acid grassland plots

ranged from 22 to 29 mg C g soil but was not affected by any of the N treatments (Fig.
5.3a). In the Ah horizon, Cui ranged from 8.2 to 15.7 mg C g (Fig. 5.3a) and was
consistently reduced by approximately 40 % in the N treated plots. This effect was
significant (P<0.05) only in the 14 N AS treatment where C... was 48 % lower than in the
control. A similar response to the N additions was seen in FE-Cy;. during May 1997 where
it was significantly (P<0.05) reduced by between 39 and 47 % in the 3.5, 7 and 14 N
treatments and by 63 % in the 14 N AS treatment (Fig. 5.3b). However, the quantities of
C.ic Were approximately an order of magnitude lower than the 1995 SIR-C,;. values. Basal
respiration ranged from 1076 to 1274 ug CO,-C g™ soil h in the F horizon and from 372 to
528 pg CO,-C g" soil h' in the Ah horizon (Table 5.2) but was not affected by the N
treatments. Similarly, no significant N treatment effects were seen on the glucose induced
respiration rates although the responses to the treatments mirrored those observed for C.
The metabolic quotients were similar for both the F and Ah horizons ranging from 2.5 to
59.4 mg CO,-C g" Cui h™ in the former to 44.2 to 66.8 mg CO,-C g" Cui h™ in the latter
(Table 5.2). Significant treatment effects (P<0.05) only occurred in the 7 N treatment in
the Ah horizon where gCO,-C was 61 % higher.

Biomass N as a percentage Cunic was approximately half that of the heathland soil, and
ranged from 170 to 260 pg g' soil (Fig. 5.4a). No significant treatment effects were
observed with respect to the control, although biomass N increased significantly (P<0.05)
by over 50 % in the 14 N treatment compared with the 7 N treatment. The percentage Nin
the microbial biomass in control soil was 23 %, a value also similar to the heathland (Fig.
5.4b). This increased significantly (P<0.05) to 43 % in the 14 N and 45 % in the 14 N AS
treatments. Microbial biomass P tended to mirror the response of Cui to the N treatments
(Fig. 5.3a, b) ranging from 155 ug g™ soil in the control to 80 ug g" soil in the 14 N AS
treatment (Fig. 5.4a). All of the treatments consistently reduced biomass P by
approximately 45 %, although these reductions were only significant (P<0.05) in the 14 N
and 14 N AS treatments which both resulted in a decrease of 48 %. Biomass P as a

percentage Cuic Was somewhat lower than the heathland and remained at a consistent level
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of approximately 16 % in all treatments, although there was a suggestion of a stimulatory
effect in the 14 N AS treatment where it increased to 23 % (Fig. 5.4b).

122



35 (1 F horizon .

z:E*‘ A I
7$ ? > |
milll

Control 35N TN 14N 14N AS

Treatment (g N m~y™)

Fig. 5.3. Microbial biomass C (Cuic) in an acid grassland soil measured in () the F and Ah
horizons during August 1995 by SIR following 5 years of N treatments and (b) the Ah
horizon during May 1997 by FE following 7 years of N treatments (+ SEM). Bars sharing a
letter are not significantly different (P>0.05). Treatment codes: Control = water only, 3.5,
7and 14 N=3.5, 7or 14 g N m?y"' (as ammonium nitrate) and 14 N AS =14 gNm?y"

(as ammonium sulphate).
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Table 5.2. Glucose induced and basal respiration rates and metabolic quotient (gCO,-C) in the Ah and F horizons of an acid grassland soil that

has received 5 years N treatments (+ SEM). Values sharing a letter are not significantly different (>0.05).

F horizon

Treatment Basal respiration Glucose induced respiration qCO0,-C
(ng CO-C g' dwt h) (mg CO,-C g dwt h') (mg CO,-C g' Cpic h')
Control 1224° (+ 270) 9.01° (+ 1.41) 46.02° (= 5.37)
3.5N 1076¢ (= 132) 8.85% ( 0.89) 43.53% (+ 4.12)
TN 11082 (£ 79) 8.91% (+ 8.27) 44.437 (+ 2.59)
14N 12747 (+ 153) 10.014 (£ 1.28) 42.54° (£ 3.71)
14N AS 11807 (+ 92) 7.73% (£ 0.60) 59.387(+ 3.37)
Ah horizon

Control 498.0° (= 85.7) 4.57° (£ 0.73) 41.62° (£ 5.10)
35N 425.6° (+ 58.8) 3.127(« 0.31) 48.65% (+ 6.59)
7N 528.12 (£ 53.6) 3.227 (+ 0.39) 66.78° (+ 7.40)
14N 442.3° (£ 70.1) 3.187 (+ 0.54) 60.30% (+ 9.86)
14N AS 372.4° (+ 57.8) 2.84° (+ 0.20) 44.20° (£ 6.20)
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Fig. 5.4. Changes in (a) microbial biomass N and P and (b) the percentage N and P held in
the microbial biomass in the Ah horizon of an acid grassland soil that has received 7 years
of nitrogen treatments (+ SEM). Bars sharing a letter are not significantly different

(P>0.05). Treatment codes as for Fig. 5.3. % biomass N or P calculated according to
equation 5.2.

125



ii) Effect of 18 months N and P treatments

In the 18 month acid grassland plots, Cnic was approximately 3 fold that of the long-term
plots and ranged from 5.0 to 6.6 mg C g soil (Fig. 5.5a). The effect of N additions alone
appeared to be stimulatory. In the 3.5 N treatment C. increased by 12 % while the 14 N
treatment significantly increased (P<0.05) C.ic by 33 %. However, when applied in
combination with 3.5 g P m? y"!, C.i decreased significantly (P<0.05) compared to the 3.5
N and 14 N treatments to levels approximately 30 % lower than the control (Fig. 5.5a).
The quantity of biomass P was similar to the values obtained in the long-term plots ranging
from 128 to 269 pg g* soil (Fig. 5.5a). Likewise, the response to the N and P treatments
was similar to that of Cic. The greatest effect was observed in the 3.5 P treatment where
biomass P increased significantly (P<0.05) by 100 %. This response was removed when N
was applied in combination with P causing biomass P to fall to control levels. Biomass P
increased slightly by 24 % in response to the 14 N treatment, although this was not
significant. Biomass P as a percentage C.i was considerably lower than in the long-term
plots and ranged from 2.5 to 4.5 % (Fig. 5.5b). The overall effect of P additions was to

significantly increase the percentage P in the microbial biomass, while additions of N had no

effect (Fig. 5.5¢).
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Fig. 5.5. Changes in (a) microbial biomass C (C.) and P, (b) the percentage P in the
microbial biomass in response to 18 months N and P treatments (not significantly different;
P>0.05) and (c) the overall effect of the P treatments (0 or 3.5 g P m” y"') on the
percentage P in the microbial biomass in an acid grassland soil in May 1997 (+ SEM). Bars
sharing a letter are not significantly different (P>0.05). Treatment codes (m” y"). Control =
0gN,3.5N=35gN,14N=14gN,35P=35gP,3.5N+P=35gN+35gP, 14¢
N+P =14 gN+3.5gP. % biomass P calculated according to equation 5.2.
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53.3 Calcareous grassland

SIR-C. ranged from 4.9 to 6.7 mg C g soil during August 1995 and from 1.4 to 2.1 mg C
g" soil during August 1997 (Fig. 5.6a), while FE-Cy ranged from 3.4 to 4.4 mg C g (Fig.
5.6b). The N treatments had similar effects on SIR-Cy. irrespective of the year (Fig. 5.6a).
The 14 N treatment decreased Cuic by 26 % in 1995 and by 29 % in 1997, although the
decrease was only significant (P<0.05) in the latter year, while the 14 N AS treatment had
no effect. In contrast, FE-C,; was not affected by additions of ammonium nitrate but
instead increased significantly (P<0.05) in the 14 N AS treatments (Fig. 5.6b). Basal
respiration was considerably lower in the calcareous grassland as compared to the acid
grassland and ranged from 103 to 177 ug CO»-C g™ soil h' in 1995 and from 138 to 158 pg
CO»-C g soil h' in 1997 (Table 5.3). Basal respiration was not affected by any of the N
treatments. The effects of the N treatments on glucose induced respiration rates were
mirrored by the SIR-C.... responses. However, in contrast to the 1995 SIR-C,, the glucose
induced respiration rate was significantly lower (P<0.05) in the 14 N treated plots (Table
5.3). The metabolic quotient was considerably lower in 1995 than in 1997 and ranged from
21 to 31 mg CO,-C g Cui h™ in the former and from 80 to 125 mg CO,-C g Cuic h! in the
latter (Table 5.3). Significant (£<0.05) stimulatory effects were only observed in response
to the 14 N treatment which increased gCO,-C by 55 %. Biomass N ranged from 323 to
349 pg g’ soil and was not affected by any of the treatments (Fig. 5.7a). Similarly, no
changes were seen in the percentage N held in the microbial biomass, which consistently
accounted for approximately 10 % of Cu in each treatment (Fig. 5.7b). Biomass P ranged
from 90 to 260 pg g soil but, in contrast, was significantly (P<0.01) lower with each added
increment of N (Fig. 5.7a). This effect was also reflected in the percentage P held in the

microbial biomass which decreased significantly (P<0.01) from 8 % in the control to 2 % in

the 14 N AS treatment (Fig. 5.7b).
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Fig. 5.6. Microbial biomass C (Cu) in a calcareous grassland soil measured (a) by SIR in
the Ah horizon during August 1995 and 1997 following 5 and 7 years of N treatments
respectively, and (b) by FE in the Ah horizon during June 1997 (+ SEM). Bars sharing a
letter are not significantly different (£>0.05). Treatment codes as for Fig. 5.3. NA = not

analysed.
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Table 5.3. Glucose induced and basal respiration rates and metabolic quotient (¢CO,-C) in the Ah horizon of a calcareous grassland soil that has
received up to 7 years N treatments (+ SEM). NA = Not analysed. Values sharing a letter are not significantly different (P>0.05).

Basal respiration Glucose induced respiration qCO0,-C
(ug CO,-C g' dwt h) (mg CO,-C g dwt h'") (mg CO,-C g' Cric h)
Treatment 1995 1997 1995 1997 1995 1997
Control 126.6°(£25.5) 1513°(x127) 2.119(x021) 0.614° (£ 0.043) 21.14°(+4.42) 79.88 (< 10.14)
35N NA 137.5° (x 10.3) NA 0.543% (£ 0.059) NA 80.29° (+ 8.58)
14N 103.4°(£40.7)  157.9°(x10.1)  1.57°(£0.15)  0.441°(£0.033) 23.21°(£9.76)  124.6 (+22.4)
14N AS 177.0° (£36.5)  158.4°(£7.9)  2.20°(£0.20)  0.555® (£ 0.065) 31.11°(x7.95) 92.06® (+ 11.58)
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Fig. 5.7. Changes in (a) microbial biomass N and P and (b) the percentage N and P held in
the microbial biomass in a calcareous grassland soil that has received 7 years of nitrogen
treatments (+ SEM). Bars sharing a letter are not significantly different (P>0.01).
Treatment codes as for Fig. 5.3. % biomass N or P calculated according to equation 5.2.
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54 DISCUSSION

54.1 Methodologies

Determinations of microbial biomass C, N and P provide information fundamental to the
understanding of nutrient cycling in soil:plant systems. However, the measurement of these
parameters is often not straight forward. There is a wealth of information addressing the
effectiveness of a number of different methodologies for measurements of microbial
biomass (e.g. Beck er al., 1997). The SIR and fumigation techniques are likely to give
different values since they measure contrasting groups of organisms, i.e. glucose responsive
for SIR and chloroform susceptible for FE (Wardle and Ghani, 1995). In the present study,
only in the heathland were SIR and FE-C. significantly correlated (r* = 0.32, P<0.001).
The relationship between the two methods is often variable with some studies reporting
strong correlations (Anderson and Joergensen, 1997; Beck ef al., 1997) and others very

weak or no correlations (Ross ef al., 1984).

Of fundamental importance to the FE methods are the k factors (the proportion of microbial
C, N or P released upon fumigation). The k factors used in the present study are based on
those derived by Vance et al. (1987) and Brookes et al. (1982, 1985). Ingham et al. (1991)
highlighted 3 critical assumptions of the k factor: “1) all organisms release the same
proportions of C, N or P upon fumigation, 2) all microorganisms are killed by the
fumigation process, and 3) the substrates respired after fumigation come only from the
killed microbes, or from the same pool of non-microbial organic matter.” In many studies,
these assumptions have been violated (Couteaux et al., 1989; Ingham and Horton, 1987),
which can thus lead to large vanations in the k factor for different soils. For example,
Beck et al. (1997) reported k.. to fluctuate from 0.35 to 0.45 depending on the soil type. It
is therefore quite possible that k factors could be different for the 3 soils used in the present
study. Between site comparisons must therefore be undertaken with caution. However, the
response of the microbial biomass to the treatments in each site is possible since the k
factors are unlikely to fluctuate markedly within each soil type. Determination of reliable k
factors for soils with high organic matter content is an area of research that needs to be
addressed in the future. Previous determinations of k factors are based on release of C, N
or P from cultured microorganisms. This will always lead to inaccuracies, even if the
organisms are isolated from representative soil samples, due to the highly selective nature of
culture media. Of greater concern is the chloroform fumigation procedure which is likely to
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break down a wide range of non-microbial constituents, particularly in organic soils
(Couteaux et al., 1990). Consequently, it is recognised that the biomass N and P values
quoted in this thesis, and many other publications, may actually represent microbial biomass

+ chloroform soluble N and P.

5.4.2 Biomass C
Cmic Was considerably greater in 1995 than in 1997 in all three field sites. Whilst minor
differences are to be expected when comparing different methodologies (see section 5.4.1),
the considerable changes in SIR-C... in the heathland and calcareous grassland and between
SIR-Cpic and FE-Cpi in the acid grassland in 1995 and 1997 are surprising. Cpic Was
approximately 5 times greater in 1995 in the heathland, 3.5 times greater in the calcareous
grassland and 13 times greater in the acid grassland. Seasonal variations in Cui have been
reported in the literature. Lovell et al. (1995) reported up to 2 times more Cu in Spring
than in Winter in an agricultural soil. It may be possible that seasonal or climatic effects
could result in the large discrepancies observed between years in the present study.
However, soil moisture contents were consistent between the two sample dates at all of the
sites. Other factors such as operator error or differences in sample preparation/storage are
unlikely to be a cause of the variation since the experimental procedures were identical in
each year. In light of the high values, it is unfortunate that C.ic was not measured in the
1995 samples using another method, such as FE. A tentative comparison of the 1995 Cui
measured in the present study with published data also indicates unusually high values.
Sparling ef al. (1986) found C.. ranged from 0.26 to 126 mg C g soil dwt in 20
permanent pastures. However, soils with high organic matter content tend to have high Cpic
values (Wardle, 1992). In addition, high Cu values are to be expected in this study since
soil was sampled from the top 5 cm of soil. In agricultural soils, the more biologically
active surface horizons are typically mixed to form a much less active plough layer (Kaiser
and Heinemeyer, 1993). The upper horizons of forest soils have been shown to have
considerable quantities of Cmic. Al Fassi (1985) measured 6.9 mg Cuic g soil dwt in the L
horizon of a spruce forest and Ross et al. (1996) reported 7.7 mg Cpic 8" soil dwt in the FH
horizons of beech forest. Soil with high fungal biomass such as ectomycorrhizal mycellial
mats have Cui values of up to 370 mg C g dwt (Ingham ez al. 1991). Vance ef al. (1987)
reported of 3.2 mg Co g' soil dwt in a grassland soil with 10 % organic matter
(considerably less than the heathland and acid grassland soils used in this study).
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The long-term application of N (as ammonium nitrate) increased SIR-C in the heathland but
had no effect or decreased it in the acid and calcareous grasslands (Figs. 5.1a,b, 5.3a, 5.6a).
These responses are parallel to the effects on plant cover which, in response to increasing N
deposition systematically increased in the heathland, but progressively decreased in the two
grasslands (Table 5.4).

Table 5.4. The decrease (-) in vegetation cover of an acidic and calcareous grassland and
increase in cover (+) of a heathland as a percentage of the cover in control plots following
seven years N treatments (Caporn ef al.,, 1998; J. Carroll, pers. comm.). Treatments in
parentheses refer to the heathland. NA = Not applicable. Values sharing a letter are not
significantly different within sites (P>0.05).

Treatment' Acid grassland  Calcareous grassland Heathland
Control 0* 0* 0
35N4N) -4 -4 +11°
TN(@N) -8° -5 +15°
14N (12N) -144 -13¢ +29¢
14 N AS -26° -34¢ NA

t Treatments (g N m? y') applied as ammonium nitrate (N) or ammonium sulphate (N AS).

Although plant productivity has not been measured it is likely to correlate strongly with the
cover determinations, which thus provide an index of C input into the soil via litter. These
results support the hypothesis that changes in plant productivity are likely to mirror Cu.
Whilst direct effects of chronic long-term N enrichment upon soil microorganisms cannot be
excluded, it is likely that one of the main determinants of the microbial response to pollutant
N is the productivity of the plant communities since this determines a high proportion of the
C input into soils. The microbial community may also be affected by changes in the
composition of the litter entering the decomposer subsystem. Incubation of up to eight

species of plant litter held in nylon bags has shown strong effects of litter type on the Cuuic of
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the litter (Wardle ez al., 1997). The soil (myco-) rhizosphere is host to a diverse and very
active microbial community and so other factors of importance may include changes in the
quantity and quality of root exudation products and root/mycorrhizal turnover. For
example, Ennik ez al. (1980) reported that N fertilisation reduced sward root mass and root
C input. Bacteria are the most abundant free-living organisms in the rhizosphere and so are
most likely to be affected by changes in root C flow (Clarholm, 1985). In the calcareous
grassland, no parallels were seen between plant cover and SIR-Cy; in the 14 N AS
treatment. In this treatment, soil pH was markedly lower than control soils (Table 2.4) and
is likely to have an important role in controlling the activity and size of the microbial
biomass (Wardle, 1992). However, decreasing soil pH often reduces Cui, although
microbial activity may not be significantly affected until soil pH is severely lowered (Killham
et al., 1983), or has no effect (e.g. Bitton et al., 1985) while raising the pH of acid soils
often leads to increases in Cui (e.g. Adams and Adams, 1983). In the present study, the
substantial decreases in plant cover, possibly as a consequence of the significant drop in pH,
could be coupled with large amounts of senescing root material. This could form an
effective and readily available C substrate for saprotrophic fungi and bacteria thus
counteracting reductions in C input from litter fall and explaining the lack of any effect of
the treatment on SIR-C.i (Fig. 5.6a) and the increase in FE-C (Fig. 5.6b).

The response of the soil microbial biomass to 18 months N and P treatments in the acid
grassland contrasted markedly to the changes in the long-term plots. A stimulatory effect
was seen in the 14 N treatment which was suppressed when applied in combination with P
(Fig. 5.5a). Changes in C inputs from plant litter as a consequence of alterations in species
composition were unlikely to be determining factors since both above ground biomass and
the dicotyledon:monocotyledon ratio were suppressed in response to N when supplied
either with or without P (Fig. 3.9). It is possible that the plant growth responses to the
treatments could affect the quantitiy of inorganic N reaching the soil, which may then affect
the microbial biomass directly. If the vegetation is naturally strongly P limited, the N only
treatments may simply wash off the vegetation surface onto the soil. However, when P is
applied in combination, more N could be utilised as plant demand increases thus limiting the
quantity of inorganic N reaching the soil. Furthermore, enhanced foliar uptake of N could
also occur as a consequence of the increased surface area of the vegetation canopy in the P

treated plots.
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The metabolic quotient (qCO,-C) has been shown to be a sensitive indicator of
environmental stress on soil microbial communities (Anderson and Domsch, 1993).
Microorganisms that are stressed tend to have high gCO,-C values which indicates a greater
amount of energy being partitioned from biosynthesis into cell maintenance (Odum, 1985).
High ¢gCO,-C values have been reported for Fagus and Fagus-Quercus stands where soil
pH is low (Anderson and Domsch, 1993) and as a consequence of increased salt stress and
heavy metal loading (Killham, 1985). The sensitivity of qCO,-C as an indicator of
environmental stress in preference to other measures, such as respiration rate, is highlighted
in the values obtained for the heathland. Here, gCO,-C was significantly lower during both
1995 and 1997 in the F and H horizons of the 8 N treated plots, while significant changes in
the respiration rate only occurred during 1995 in the F horizon of the 8 N treated plots. In
contrast, gCO,-C in the acid grassland remained constant in the F horizon, but was
significantly higher in the 7 N treated plots in the Ah horizon. In the calcareous grassland,
qCO:-C was significantly greater in the Ah horizon of the 14 N treated plots only in 1997.
These data suggest that the N treatments (as ammonium nitrate) are reducing the stress on
soil microorganisms in the heathland, but increasing microbial stress in the Ah horizons of
the acid and calcareous grasslands. This can be explained by the changes in C input
discussed earlier: in the heathland, C inputs have significantly increased while the reverse
was seen in the acid and calcareous grasslands. Care must be taken when interpreting
qCO,-C values in soils where pH change has occurred since pH has been shown to be an
important determinant of environmental stress (Anderson and Domsch, 1993). In the
calcareous grassland, large pH shifts were measured in the 7 and 14 N and highly significant
changes in the 14 N AS plots treated. Consequently, 4CO,-C may be affected by more than

one variable, each with the potential to operate in different directions thus limiting the

sensitivity of gCO»-C.

543 Biomass N and P
The microbial biomass is a comparatively labile fraction of the soil organic matter
(Jenkinson and Ladd, 1981) and is thus a potential source of nutrients for plants. Changes
in the absolute amounts of N and P held in the microbial biomass as a consequence of
nutrient manipulations are of interest since the relative importance of this pool as a nutrient
source can be assessed. Of further importance, in terms of ecosystem functioning, are
changes in the percentage of N and P in the microbial biomass. This may reflect alterations
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in the functional diversity of the microbial biomass either as a resuit of modifications to the
functional capacity of existing microorganisms or changes in the species composition of the

community.

The absolute values for biomass N and P must be interpreted with caution since they may
represent microbial + non-microbial N and P. This may be particularly true for the
heathland soil which probably contains the greatest amount of chloroform soluble lipidic
compounds. In the heathland, biomass N and P ranged from 600-1100 pg g" soil dwt.
which is considerably greater than values reported for agricultural soils. Lovell et al.
(1995) reported biomass N in the range 159 and 275 ug g" soil dwt in a long-term
grassland soil while Brookes ef al. (1984) measured between 5.3 and 106 pg biomass P g™
soil dwt in a study of 15 arable and grassland soils. Similarly, the percentage N and P in the
microbial biomass was also higher than published values. Brookes et al. (1984) reported
between 2.8 and 9.4 % P in the ‘wet’ microbial biomass (i.e. making no correction for
fwt:dwt ratio of the biomass) in a range of grassland soil. Clearly, considerably more
biomass N and P is found in non-agricultural soils. The surface horizons of beech forests
and tussock grassland can comprise up to 10 mg g soil dwt as microbial N (Ross et al.
1996). Biomass N and P as a percentage of C..c were exceptionally high in the heathland
and acid grasslands. Biomass N ranged from 15-50 % and biomass P from 15-35 % for
both sites. This strongly suggests solubilisation of non-microbial N and P compounds by
the chloroform fumigation, indicating the need to reevaluate the method for soils of high
organic matter. However, it is interesting to note that large within site fluctuations of

biomass N (as a percentage of Cui) are occurring in the acid grassland (discussed below;

Fig. 5.4b).

Biomass N responded positively to the nutrient amendments in the heathland, negatively or
neutrally in the acid grassland, and remained constant in the calcareous grassland. The
heathland was particularly responsive to the treatments where significant increases resulted
from even the lowest (4 g N m™ y') application rate. In the acid grassland, biomass N was
not significantly affected by the N treatments as compared to the control. However, both
the 3.5 and 7 N treatments led to progressive decreases in biomass N, while biomass N was
significantly greater in the 14 N treatment as compared to the 7 N treatment. In the
. heathland biomass N as a percentage C.:ic did not increase. This suggests that the functional
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capability of the microbial community to acquire N has not changed. In contrast, biomass N
as a percentage C.; was significantly greater in the 14 N and 14 N AS treatments in the
acid grassland, suggesting either i) an increased capacity for microbial N immobilisation, ii)
an increase in the quantity of chloroform soluble N compounds, or iii) a combination of
these. The lack of any progressive increase in the 14 N AS treated plots indicates that it is
N per se, rather than the form of N, that affects the biomass N as a percentage Cni. In the
calcareous grassland, the N treatments had no effect on biomass C or N. Instead, both the
absolute amounts and the proportion of P in the biomass were substantially reduced. This
may indicate a change in the ability of the microbial community to immobilise P, which
could occur through either a change in the species composition of the community, or a
change in the functional capabilities of the existing microbial biomass. The progressive
decreases in pH observed at this site may be resulting in a gradual shift towards a
community dominated by fungi, which tend to have a higher tolerance for acid conditions
than bacteria (Killham, 1994). Other factors that could influence the biomass P
measurements include changes in root growth, biomass and morphology and mycorrhizal
infection, all of which can be affected by N fertilisation (Marschner, 1995). However, in the
present study, interference from these factors is unlikely to be of significance since only
biomass P was affected. Changes in the abundance of fine roots is known to have

equivalent effects on biomass C, N and P (Sparling ez al. 1985b).

In the long-term acid grassland, the percentage P in the biomass did not change significantly
despite the absolute amounts of biomass P decreasing consistently in all of the treated plots.
The increase in the percentage of N in the biomass combined with no change in the
percentage P, suggests that either the microbial community is N rather than P limited or that
the microbial biomass does not have the ability to immobilise additional quantities of P. It is
unlikely the former argument is correct given the response of the vegetation at this site.
Both shoot P and shoot biomass of Anenome nemorosa progressively decreased while root
surface PME activity of Agrostis capillaris progressively increased, providing strong
evidence the plants were P rather than N limited. Short-term (18 months) applications of N
had similar effects on biomass P, while the percentage P in the biomass increased
significantly when additional P was supplied. If the microbial biomass was N rather than P
limited, it is unlikely this increase would have occurred. Consequently, the lack of any
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increase in the percentage P in the biomass in response to the long-term treatments suggests

that the microbial community is operating at its maximum potential for P immobilsation.

The differing inter- and intra-site responses of microbial biomass C, N and P to long-term
additions of N and short-term additions of N and P is not surprising considering the varied
effects of nutrient amendments reported in the literature. Although up to one third of
studies have measured stimulatory effects of mineral N addition the remainder have
reported either inconsistent or neutral effects (Wardle, 1992). The results presented in this
chapter illustrate that both long-term and short-term additions of N can have significant
effects on microbial biomass C, N and P. Furthermore, changes in the biomass N and P as a
percentage Cui in the acid and calcareous grasslands indicate possible alterations in the
functional capabilities of the microbial communities in these soils, the subject of Chapters 6
and 7. The results also indicate that present methodologies for measuring absolute

quantities of microbial biomass N and P may be of only limited value in organic matter

enriched soils.
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CHAPTER 6

SOIL PHOSPHOMONOESTERASE ACTIVITY IN

RESPONSE TO LONG-TERM INPUTS OF N AND SHORT-TERM
INPUTS OF N AND P
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6.1 INTRODUCTION

In plant communities that have approached or have reached N saturation, the availability
and rates of recycling of nutrients other than N is of increasing importance. These nutrients
may subsequently exert the main control on plant productivity. In ombrotrophic bogs
(Aerts et al., 1992), fens (Verhoeven and Schmitz, 1991) and heathlands (Aerts and
Berendse, 1988), N enrichment has led to P being the main nutrient limiting plant
productivity. There is also increasing evidence of strong interrelationships between the
cycling of N and P in oligotrophic ecosystems with low rates of productivity (Pastor et al.,
1984; Van Oorschot ef al., 1997). This is also reflected by results from the previous
chapters of this study which highlight increases and decreases in the shoot N:P ratios for 4.
nemorosa and C. flacca respectively, increases in root surface phosphomonoesterase
(PME) activities of P. lanceolata and A. capillaris and decreases in microbial biomass P
concentrations at the acid and calcareous grasslands. It is hypothesised that the change
from N to P as the main nutrient limiting plant productivity in some ecosystems, is likely to

lead to increasing P turnover and therefore more rapid rates of organic P mineralisation by

the soil biota.

P mineralisation occurs through the production of organic P degrading enzymes, such as
phosphatases, by both soil microorganisms and plants, which catalyse the breakdown of
organic P compounds. The most important phosphatase enzyme present in the soil is
thought to be PME which is responsible for the breakdown of phosphomonoesters such as
inositol P. At present, there are no data quantifying changes in soil PME activity in
response to chronic additions of N. However, large single fertiliser applications to forest
soils have been found sometimes to increase PME activity on mycorrhizal tree roots
(Kieliszewska-Rokicka, 1992; O’Connell and Grove, 1985) but in other studies had a
strong inhibitory effect on PME activity in soil (B&ath er al., 1981; Pang and Kolenko,
1986). A similar inhibitory effect was also reported by Lovell ez al. (1995) who applied N
fertiliser to a long-term grassland for 10 years. In systems such as the calcareous grassland
that are naturally strongly P limited, it is possible that soil PME activity will be unresponsive
to the N treatments since enzyme activity may already be at a maximum. However, the
significant increases in root surface PME activity measured at this site (Chapter 4) could
suggest the contrary, since this activity comprises enzymes produced by the plant and by

soil microorganisms adhering to the root.
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Lovell et al. (1995) also found that PME activity was greatest following recent applications
of N. Changes in PME activity in response to N additions may therefore be highly
dependent on the duration of the treatments. It may therefore be crucial to consider the
effects of N treatments following both long-term and short-term applications of N
treatments. Based on this evidence, it is hypothesised that PME activity will be more

responsive, at least in the grasslands, to short-term applications of N.

In forest soils, PME activity is influenced by a number of factors, including soil depth,
organic matter, moisture, clay and silt, total N, extractable magnesium, exchangeable P and
pH (Harrison, 1983). In addition, since a large proportion of PME found in soils is
produced by the microbial biomass, the overall soil PME activity is likely to be influenced
by the amount of active biomass. Consequently, the response of soil PME activity to the N
treatments may mirror the changes in C.i reported in Chapter 5. The soil P status has been
shown to have considerable importance particularly in the growing season where it can
account for 70 % of the variation in the PME activity of forest soils (Harrison, 1983).
Since PME is an inducible enzyme, its activity is likely to be greatest when organisms are P
limited (Reid and Bieleski, 1970). P fertilisation would therefore be expected to reduce
PME activity. Indeed, Speirs and McGill (1979) reported that fertilisation at 2.7 and 5.4 g
P m? y for 5 years decreased soil PME activity in a ‘high’ organic matter soil (6 % organic
C) with high initial PME activity. However, the treatments were found to increase PME
activity in a ‘low’ organic matter soil (1.3 % organic C) with low initial PME activity. This
indicates that the response of PME to increased P availability may be dependent upon the
soil properties. The grassland soils used in the present study have high but contrasting
organic matter contents (42 % in the acid grassland; 30 % in the calcareous grassland;
Table 2.1). The low extractable soil P concentrations indicates that the calcareous
grassland may be initially more P limited that the acid grassland. It is hypothesised that
addition of P to both grasslands will suppress PME activity, although this may be more
marked in the calcareous grassland owing to its greater degree of initial P limitation.

6.1.1 Aims
This chapter aims to investigate the effects of long-term N treatments on soil PME activity

in the heathland, acid grassland and calcareous grassland. The following hypotheses will be

tested:
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1. Long-term N deposition will lead to increases in soil PME activity.

2. PME activity in the calcareous grassland, which is already strongly P limited may be less
responsive to the N treatments.

3. PME activity is more responsive to short-term N treatments (grasslands only).

4. Addition of P to the grasslands will supress PME activity, particularly in the calcareous
system which is naturally strongly P limited.

6.2 MATERIALS AND METHODS

6.2.1 Soil phosphomonoesterase activity

Soil suspensions from the F and H horizons of the heathland and the Ah horizons of the acid
and calcareous grasslands were assayed for PME activity using the artificial substrate
p-nitrophenyl phosphate (p-NPP). The enzyme is quantified by measuring the release of
p-nitrophenol (p-NP; Tabatabai and Bremner, 1969). Glass universal vials containing 1 ml
of soil suspension (1 g soil:14 ml water) were incubated with 4 ml 13.6 mM p-NPP in a
shaking water bath (37 °C) for up to 45 minutes. The use of toluene is often recommended
as an inhibitor of microbial growth during the assay (Tabatabai and Bremner, 1969, Speirs
and McGill, 1979). However, preliminary studies (Appendix A) revealed that it had no
effect on PME activities, possibly due to the short duration of the assays, and it was
therefore omitted from the procedure. A sub-sample (100 to 500 ul) was added to 2 ml 2
M NaOH and the optical density measured immediately using a Cecil CE1020
spectrophotometer at a wavelength of 410 nm. The assays were undertaken without buffer
in order to allow the enzyme to operate at the pH of the soil. PME activity was expressed
as nmol p-NP released g soil dwt s™ after correction for background colour of each soil

and any binding of p-NP onto the soil suspension (Vuorinen, 1993).

In the heathland and acid grassland, the N treatments have not significantly affected the pH
of the soil. In contrast, there has been significant acidification of soil in the calcareous
grassland (Table 2.4). For this soil, the PME assays were repeated using the substrate
dissolved in 0.5 M Na citrate buffer in the pH range 4.5-6.5 to distinguish pH effects from N
treatment effects. The buffered assays were conducted on soil from the control, 14 N and

14 N AS treatments.
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6.2.2 Extractable N and P
Nitrate (NO;’), ammonium (NH4") and phosphorus (PO,) were determined as described in

Section 2.2.4.
6.3 RESULTS
6.3.1 Effects of long-term treatments

Long-term applications of N affected soil PME activity at all of the field sites. PME activity
was particularly responsive to the treatments in the heathland soil and increased significantly
at all treatment levels (Fig. 6.1). The greatest increase in PME per g of added N occurred
in the plots receiving 4 g N m? y'. Here the enzyme activity increased significantly
(P<0.001) from 19.5 to 41.6 nmol g soil s in the F horizon and from 10.8 to 24.1 nmol g
soil s? in the H horizon (P<0.01). The 8 and 12 N treatments further increased PME
activity but these increases were progressively smaller with each increment of N,

particularly in the F horizon (Fig. 6.1).

PME activity ranged from 34.1 to 46.2 nmol g soil s in the long-term acid grassland plots
(Fig. 6.2), and from 13.3 to 22.5 nmol g™ soil 5™ in the long-term calcareous grassland plots
(Fig. 6.3). In the control plots, the enzyme activity was considerably higher in the acid
grassland than in the heathland, but in the calcareous grassland it was lower than in the
heathland. In the acid grassland, PME activity was only affected by the 14 N treatment
where the enzyme activity increased significantly (P<0.01) by 35 % (Fig. 6.2). In the
calcareous grassland, excepting the lowest N treatment in which there was a slight
reduction in PME activity relative to the control, there was a trend for increased enzyme
activity with increasing N application. This effect was only significant (P<0.001) in the 14
N AS treatment where the enzyme activity increased by 80 % to 23 nmol g soil s” in June
1996 and by 110 % to 15.7 nmol g soil s* in January 1997 (Fig. 6.3). This marked
response to ammonium sulphate in the calcareous grassland contrasts with the lack of effect
of the treatment in the acid grassland. At the calcareous site the N additions caused highly
significant soil acidification (Table 2.4), an effect which was most marked in the plots
receiving 14 g N as ammonium sulphate. In contrast there were no significant (P>0.05)
change in soil pH at the other two sites. In the calcareous soil, the PME activity could have
simply been a reflection of the differences in soil pH since the assays were unbuffered.

However, when the samples from this site were assayed in buffer in the pH range 4.5-6.5 it
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was apparent that the ammonium sulphate treatment significantly (P<0.001) increased PME
activity regardless of the pH of the buffer (Fig. 6.4). The highest activity was found in the
assays buffered at pH 6.5 and this was unaffected by the N treatments. This indicates that
in the unbuffered assays soil acidification will tend to underestimate rather than

overestimate the increased activity in the 14 N AS treatment.

Paired soil samples from the calcareous grassland in which total KCI extractable inorganic
N and PME activity were determined revealed a highly significant (P<0.001) linear
relationship between these variables (Fig. 6.5). This relationship extended over a forty-fold
variation (3.5-135 ug N g soil dwt) in the concentration of extractable N in the soil, and
accounted for over 70 % of the variation in soil PME activity. The relationship between
PME activity and extractable ammonium was considerably stronger (r* = 0.57) than the
relationship with extractable nitrate (r’=0.27), and the slope of the regression was steeper
than with nitrate. This suggests that the ammonium concentration exerts the main
controlling effect on PME production, but the strength of the relationship with total
extractable N indicates that nitrate also has some effect. The concentration of extractable N

in the soil was exceptionally high, which is consistent with the soil system being ‘N

saturated’.

Soil PME activity and SIR biomass C data were combined to indicate the PME activity per
mg Cmic (Fig. 6.6). This expression provides a useful measure of phosphate demand by
soil organisms in sites with very different microbial biomass. The values ranged from
1.5-5.79 nmol p-NP mg C.ic s'. These are similar to those which can be calculated from
the study by Sparling et al. (1986) of microbial biomass and PME activity in 20 permanent
pastures where it ranged from 3.1-8.97 nmol p-NP mg C. s'. The results for all three sites
are more comparable than for PME per g soil which will be strongly influenced by the
quantity of active microbial biomass, one of the main producers of the enzyme. The results
show a consistent pattern of response to increased N deposition, with PME activity per mg
C.i. always increasing in response to N enrichment. This effect was highly significant

(P<0.001) over the three sites.
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Fig. 6.1. Soil phosphomonoesterase activity in the F and H horizons of a heathland
measured during August 1996 in response to seven years of N treatments (= SEM). Bars
gharing a letter are not significantly different (P>0.01). Treatment codes: Control = water
only, 4,8 and 12N =4, 8 or 12 g N m? y"' (as ammonium nitrate).
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Fig. 6.2. Soil phosphomonoesterase activity in the Ah horizon of an acid grassland
measured during November 1996 in response to seven years of N treatments (= SEM).
Bars sharing a letter are not significantly different (P>0.01). Treatment codes: Control =
water only, 3.5 and 14 N = 3.5 and 14 g N m? y! (as ammonium nitrate), 14 N AS = 14 g
N m? y' (as ammonium sulphate).
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Fig. 6.3. Phosphomonoesterase activity in the Ah horizon of a calcareous grassland soil
measured during June 1996 and January 1997 that has received up to seven years of N
treatments (£ SEM). Bars sharing a letter are not significantly different (P>0.05). NA =
not analysed. Treatment codes as for Fig. 6.2.
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Fig. 6.4. Effect of assay pH on phosphomonoesterase activity in the Ah horizon of a
calcareous grassland soil measured during January 1997 that has received seven years of N
treatments (+ SEM).
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Fig. 6.6. Phosphomonoesterase activity per mg SIR C.; in heathland, acid grassland and calcareous grassland soils that have received up to

seven years N treatments (+ SEM). Bars are not significantly different. Treatment codes as for Fig 6.1 and 6.2.
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6.3.2 Effects of short-term treatments

Soil PME activities in the short-term acid grassland plots ranged from approximately 22 to
40 nmol p-NP g s (Fig. 6.7a). These contrasted to the long-term plots where they ranged
from 33 to 45 nmol p-NP g s' (Fig. 6.2). Short-term (18 months) applications of N and P
had no significant effect on PME activity when they were applied in combination (Fig.
6.7a). However, the application of 14 g N, either with or without P, significantly (P<0.05)
increased PME activity by 33 % from 27 to 36 nmol p-NP g* s (Fig. 6.7b). This effect
was comparable to that seen in the long-term plots. In the calcareous grassland, PME
activity was higher in the long-term plots than in the short-term plots, where it ranged from
17 to 23 nmol p-NP g"' s (Fig. 6.8). In the short-term plots, only the 3.5 N treatment had
a significant (P<0.05) stimulatory effect on PME activity (Fig. 6.8). Here, the activity
increased by 35 % from 17 to 23 nmol p-NP g' s'. However, this effect was reversed
when P was applied in combination with the 3.5 N treatment which significantly (P<0.05)
lowered PME activity by 10 %. The addition of P alone did not affect PME activity.

150



60 - (a) .

50 4

—H

HH

20 | i

10 - -

p-nitrophenol released (nmol g dwts™)
s
|
HH
——
HH
|

Control 35N 14N 35P 35N+P 14N+P
Treatment (g m™ y'l)

ol 50!— -
I b
".‘w 40 T -
£ |
< 30 a a 7
-

LLr
"E 20 -
E

0 -
_§‘ 1
8
g0
= No added N +3.5gN +14gN

Treatment
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6.4 DISCUSSION

Previous field and laboratory studies of the effects of N additions on PME activity in soils
have indicated both increases (Baith et al., 1981; Khan, 1970; Speirs and McGill, 1979)
and decreases (Béath er al., 1981; Pang and Kolenko, 1981; Lovell e al., 1995) in activity
due to N. These contrasting responses may arise from different rates and sources of N
being applied and differences in the N demand and ‘N saturation’ of the sites being
investigated. Bééth ez al. (1981) added up to 60 g N m? y' to a Scots pine forest and
found that PME activity was influenced by the form of the applied N; ammonium nitrate
decreased it but urea increased it. However, short-term treatments with high N doses of
this kind are unlikely to provide a reliable guide to the long-term effects of chronic inputs of
pollutant N. In the present study, short-term (18 months) applications of up to 14 g N m?
y* provided a reliable indicator of the long-term treatment effects (7 years) in the acid
grassland but not in the calcareous grassland. Whilst short-term N treatments resulted in
significant increases in PME activity in the grasslands, the magnitude of the responses were
similar for the long-term treatments. This disagrees with the hypothesis that PME activity

would be more sensitive to short-term N treatments than long-term treatments.

It is clear from this chapter that soil PME activity can be very sensitive to prolonged inputs
of N at the current rate of deposition of the pollutant in the UK: in the heathland, even the
lowest N treatment (4 g N m? y') applied for seven years led to a significant twofold
increase in soil PME activity. In the heathland and acid grassland, PME activity per mg Cuui
doubled in the 4 N and 3.5 N treatments respectively. Soil microbial biomass decreased in
the acid grassland with increasing N deposition (Fig. 5.3), a feature which may explain the
smaller and less consistent increase in PME activity per g soil than seen at the other sites
(Fig. 6.1-6.3). However, PME activity per mg C. in the Ah horizon of the acid grassland
site was highly responsive to the N treatments (Fig. 6.6) where it increased more than
twofold in the highest treatments. This suggests that despite the decreasing microbial
biomass, P limitation becomes more severe with increasing simulated N deposition as was
seen in the calcareous grassland and the heathland site. The sensitivity of PME to increased
N deposition at the calcareous grassland is unexpected where the strength of initial P
limitation would suggest that the enzyme systems are already operating at their maximum.
These results do not support the hypothesis that PME activity at this site is any less
gensitive than the acid grassland and heathland. The response of PME to N deposition
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indicates that this enzyme may have the potential to be used as a sensitive tool for
calculating critical loads of N. The results support the hypothesis that long-term N
treatments lead to increases in soil PME activities.

The substantial increases in PME activity (g’ soil) suggest that either the functional
characteristics of the microbial communities or that the availability of P at the three sites
may have changed in response to the long-term N treatments, or a combination of the two.
Increased PME activity is most likely to arise from a population change, whereby
microorganisms with high organic P degrading capabilities are being selected for, but could
also occur through a general increase in microbial activity. However, the former appears
most likely given the progressive increase in PME activity mg"' Cui, which takes into
account any change in microbial biomass. SIR microbial biomass is probably closely related
to microbial activity, since the SIR technique actually measures the respiratory activity of

glucose responsive organisms.

The adverse effects of N addition to the grasslands on plant cover and microbial biomass C
are almost certainly a response to ‘N saturation’ in these ecosystems which are mainly P
rather than N limited. In the acid grassland soil, PME activity was very high, even in the
control plots, and the simulated pollution further increased it only in the highest ammonium
nitrate treatment (Figs. 6.2 and 6.7b). In contrast, the results from the two other sites
provided evidence of increased microbial P demand in response to N enrichment. In both
the heathland and calcareous grassland sites, PME activity increased in proportion to the
amount of N added (Figs. 6.1 and 6.3). In the calcareous grassland, the increased microbial
demand for P was also reflected by significant reductions in microbial biomass P (Chapter 5,
Figs. 5.7a, b). Furthermore, the KCl extractable N (ammonium and nitrate) in the
calcareous grassland soil accounted for more than 70 % of the variation in its PME activity
(Fig. 6.5) indicating a strong link between N saturation and PME activity. When correlated
separately, ammonium accounted for 58 % of the variation and nitrate 28 %. The much
greater increase in PME activity in the 14 N AS treatment than the equivalent ammonium
nitrate treatment (Fig. 4c), is therefore probably due to the stronger effect of extractable
ammonium than nitrate on PME activity. This may be as a consequence of the greater
mobility of nitrate in soil, the concentrations of which are likely to be more variable than for
ammonium.
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P additions did not affect soil PME activity in either the calcareous or acid grassland.
However, in the calcareous grassland, PME activity was significantly lower (£<0.05) in the
3.5 N+P treatment. The significant effect of the P additions when applied in combination
with 3.5 g N to the calcareous grassland is expected given the strength of initial P limitation
at this site. These results therefore only partially support the hypothesis that P treatments
will lead to decreases in soil PME activity. A similar effect to the present study was
observed by Speirs and McGill (1979) who applied P fertiliser to a soil with initially high
PME activity and organic matter content. A similar inhibitory effect would be expected in
the acid grassland given the uniform increase in extractable P concentrations in the plots
receiving additions of P (Table 2.7). However, extractable soil P was not correlated with
PME activity (> = 0.1, P<0.916). It may be possible that the added P is rendered less
available than expected at this site by being tightly bound to soil organic matter or
preciptating to form insoluble hydrous oxides of Al or Fe. Extraction with a strong alkaline
solution such as 0.5 M NaHCO; may thus give an over estimation of plant and microbial
available P. However, it may also be possible that considerable foliar absorption and
subsequent uptake of P is occurring, given the method of application in which the
treatments are applied as a very fine mist. The contrasting effects of P in controlling soil
PME activity has been reported by a number of workers (e.g. Speirs and McGill, 1979;
Tarafdar and Claassen, 1988). Adams (1992) suggested the unpredictable role of P may
reflect the diverse origin, specificity and stability of soil phosphatases.

The PME activities measured in the present study ranged from 11-51 nmol g' s in the
heathland, 23-46 nmol g s in the acid grassland and 12-39 nmol g” s* in the calcareous
grassland (Table 6.1). These activities tend to be greater than most published values which
typically ranged from 0.1-12.5 nmol g" 5", although they are most comparable to studies
that have used organic soils (e.g. Baith ez al., 1981; Table 6.1). However, as for root
surface enzyme activities, many studies use different assay conditions and express results in
different units. Malcolm (1983) reported that the amounts of p-NPP g soil used in 12
studies of PME activity ranged from 2.5 pmol to 125 pmol, despite the original method of
Tabatabai and Bremner (1969) stating a concentration of 115 pmol g soil. In the present
study, the amount of p-NPP was typically 500 umol g’ soil. Most investigations have used
assay systems buffered at a pH where enzyme activity is at a maximum. This enables a
measure of the maximum potential enzyme activity but not the potential enzyme activity in
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Table 6.1. Comparison of soil PME activities measured during this study with published

values.
Soil types Activity (nmol g Assay pH and Reference
dwt s) temperature
Heathland 11-51 Unbuffered (pH 3.7) This study
37°C
Acid grassland 23-46 Unbuffered (pH 4.8) This study
37°C
Calcareous grassland 12-23 Unbuffered (pH 6.8) This study
37°C
Calcareous grassland 17-39 pH 4.5-6.5; 37°C This study
8 soils of low organic 0.42-1.65 pH 6.5; 37°C Tabatabai and Bremner
matter (1969)
Surface horizon of 5 0.10-0.41 pH 6.5; 37°C Eivazi and Tabatabai
agricultural soils (1977)
Agricultural soil 36.4 pH 6.5; 37°C Mathur and Rayment
(1977)
Ap horizon of 8 0.339-2.53 pH 6.5; 37°C Speirs and McGill
chemozems (1979)
Spruce podsol 8.88-12.5 pH 6 Biith et al. (1981)
20°C
Pahokee muck, fallow 1.1-2.0 Buffered at soil pH; Duxbury and Tate
37°C (1981)
10 soils 0.10-11.99 pH 6; 37°C Sarathchandra and
Perrott (1981)
Deciduous podsol 0.064-5.31 Buffered at soil pH;  Harrison (1983)
37°C
1 organic, 4 mineral 5.3x107-2.2 x10 pH 6; 37°C Bitton and Boylan
soils (1985t
2 Brunosolic forest soils  0.23-9.86 pH 7, 37°C Pang and Kolenko
(1986)
17 soils 1.54-10.4 pH 6; 37°C Sparling ef al. (1986)
Eucalyptus soil 0.18-2.61 pH 6; 37°C Adams (1992)
Sand 0.47-1.01 pH 6; 37°C Adams and Pate (1992)
Podsol 0.98-5.39 pH 6; 37°C Fox and Cromford
(1992)
Long-term grassland 3.59-6.47 pH 6; 37°C Lovell et al. (1995)

+ Unlikely to be an accurate measure of PME activity.

the natural environment (Malcolm, 1983). Furthermore, treatment effects on PME activity
may only be apparent when the system is operating at its natural pH. Most workers have

assayed PME activity at blood temperature (37 °C; Table 6.1), probably due to the origins
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of these investigations in the medical industry. This temperature was used in the present
study simply to enable closer comparisons with other studies, since temperature can have
substantial effects on PME activity (e.g. Kroehler and Linkins, 1988). However, it would
be of further interest to repeat the assays at temperatures closer to those observed in nature

(Ca 0-10 °C).

The higher values reported in the present study may be due to the samples being derived
from the upper 5 cm of soil in which free living and rhizosphere microorganisms are
typically most active (Kaiser and Heinemeyer, 1993) and in which most organic P is found
(Harrison, 1983). In addition, the relatively nutrient rich surface soil horizons tend to have
the greatest concentration of active plant roots (Tinhout and Werger, 1988; Mamolos et al.,
1995). In dry Calluna heathlands, up to 55 % of the total root mass can be located in the
upper 5 cm of soil (Tinhout and Werger, 1988). The PME activity of soil in the (myco-)
rhizosphere is typically significantly greater than in the bulk soil (Tarafdar and Jungk, 1987,
Tarafdar and Claassen, 1988). At the heathland site, there is an abundance of heavily
mycorrhizal hair roots in the surface soil (Caporn et al,, 1995) which produce active
extracellular and cell wall bound acid phosphatase (Pearson and Read, 1975, Straker and
Mitchell, 1986; Leake and Miles, 1996). At present, it is not possible to accurately partition
soil PME activity into its component parts (i.e. microbial, mycorrhizal, root exudation,
residual). However, a tentative estimate was made by Speir et al. (1986) using microwave
radiation to selectively inactivate intra- and extracellular PME. The authors attributed 17 %
of the total soil PME activity to microbial sources. Clearly, further work is needed in this
area, particularly using (myco-) rhizosphere soil since it is within this zone that plants access
the majority of their nutrients. A number of studies have shown PME activity to decrease
with increasing depth. For example, in deciduous and coniferous forest soils, PME activity
can be between 4 and 18 times greater in the surface 5 cm than at 15 cm depth (Harrison,
1983; Pang and Kolenko, 1986). Of further importance is the P limitation of the sites. The
calcareous grassland is strongly P limited, even prior to N treatments, and the apparent
increase in P limitation with N enrichment at all three sites which may ensure particularly
high rates of PME production. The extremely high PME activity in the acid grassland and
heathland plots receiving N applications reflects the relatively large microbial biomass and

organic matter content of these soils in comparison to the calcareous site.
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It is clear that N treatments can have significant effects on PME activity. This was reflected
most strongly in the heathland, where PME activity increased significantly even at the
lowest level of N application, and in the calcareous grassland where PME activity was
significantly correlated with KCI extractable ammonium and nitrate. It is important now to
investigate any actual changes in the utilisation of organic P compounds, rather than the

potential changes that are reflected by measurements of PME activity.
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CHAPTER 7

UTILISATION OF N AND P SOURCES

BY SOIL MICROORGANISMS IN RESPONSE TO LONG-TERM
INPUTS OF N
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7.1 INTRODUCTION

It is becoming clear that long-term N treatments are increasing the P limitation and
therefore the P demand in the three systems under investigation in this study. This is
reflected by shoot N and P concentrations, soil and root surface PME activities and
microbial biomass N and P concentrations. Significant increases in soil PME activity in
response to the N treatments are observed at all of the sites (Chapter 6), although the effect
is most apparent in the heathland and calcareous grassland, while substantial increases in
root surface PME activity are seen in the grasslands (Chapter 4). This indicates that the
ability of both plants and microorganisms to mineralise organic P for their nutritional
requirements may be of increasing importance in systems where N saturation has led to
enhanced P limitation. For most plants, organic P mineralisation by the soil microbial
community remains the most important mechanism for P uptake (Tate, 1984), although
there is increasing evidence that organic P compounds can be utilised through the action of
mycorrhizal fungi and root surface phosphatases (Jayachandran et al., 1992). For example,
the ericoid mycorrhizal fungus Hymenoscyphus ericae has been shown to produce
phosphodiesterase and to utilise DNA as a P source (Leake and Miles, 1996). The situation
is similar for N, where mineralisation by the soil microbial biomass remains fundamental in
maintaining an adequate supply of N for many plant species, despite the ability of both
ericoid and ectomycorrhizas to produce active extracellular proteinases and chitinases
(Leake and Read, 1989, Leake and Read, 1990a, b) and increasing evidence of direct

uptake of organic N sources in some plant communities (e.g. Kielland, 1994).

The importance of mineralisation/immobilisation reactions for plant nutrition has led to a
considerable wealth of information concerning net N and P mineralisation rates in a number
of soils including heathlands (Berendse et al., 1989) and acid and calcareous grasslands
(e.g. Morecroft et al., 1994). Both acute and chronic inputs of N have often resulted in
contrasting changes in net N mineralisation rates (Hall et al., 1994; Morecroft et al., 1994).
Morecroft et al. (1994) demonstrated a significant linear relationship between N
mineralisation and N deposition rates after 3 years of treatments at the present study site.
However, less information is available regarding the utilisation of specific substrates by soil
microorganisms. Changes in respiration rates following amendment of soils with organic
substrates can be used as an indicator of microbial substrate utilisation (Sparling ef al.,

1981). This approach was adopted by Barak ez al. (1990) and Hopkins et al. (1994, 1997)
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who reported increased microbial activity following amendment of soils with a number of
different amino acids. Hopkins ez al. (1994) reported significant differences in metabolism
of D- and L-isomers of alanine, glutamine and glutamic acid. The D-amino acid induced
respiration rate was apparently sensitive to streptomycin which implicated bacteria in
D-amino acid metabolism. More recently, Hopkins et al. (1997) showed that long-term (97
years) fertiliser additions of ammonium sulphate at 3.6 g N m? y” significantly reduced
metabolism of both the D- and L-isomers of alanine, glutamine and glutamic acid during a 6
h incubation. These results indicate that bacteria may have an important role in amino acid
mineralisation, and that amino acid mineralisation by the whole soil microbial community

can be affected by long-term N treatments.

The potential for P mineralisation by the soil microbial biomass is often assessed by
measuring soil PME activity. This enzyme has been measured in a number of soils in
response to a range of perturbations and nutrient enrichments (e.g. Bédth er al., 1981) or in
soils with contrasting physical, chemical and biological properties (e.g. Harrison, 1983).
Strong relationships between total organic P and soil PME activity have been reported
(Dalal, 1977), but there is little information relating PME activity with the utilisation of
specific P compounds. This is primarily because few studies have quantified microbial
utilisation of organic P sources in whole samples, despite it being well known that many
fungal and bacterial isolates can produce active extracellular phosphatases and utilise a
range of P sources (Cosgrove, 1967). Nevertheless, the ability of the microbial biomass of
three alkaline soils to utilise a number of organic P sources, including glycerophosphate and
nucleic acid, has been investigated (El-Shinnawi et al.,, 1991; Waly et al., 1991). The
authors found that addition of 500 ppm N affected the mineralisation of these compounds
and the availability of the inorganic P subsequently released. The form of applied N also
had a strong effect; ammonium sulphate resulted in the highest amount of P released
followed by ammonium nitrate and calcium nitrate respectively. Nordgren (1992) used a
similar approach to determine the principal limiting nutrient in a forest soil by measuring
respiration rates following amendment of soil samples with glucose in combination with
either N or P. The greatest respiratory response occurred in response to the glucose + N
addition indicating that the microbial population was more limited by N than by P. These

approaches may be of considerable value in the present study where significant increases in
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soil PME activity have been reported, and where changes from N to P as the principal
limiting nutrient are thought to be occurring.

The rate of utilisation of specific groups of C sources is increasingly being used for genetic,
metabolic and taxonomic studies of microorganisms (Bochner and Savageau, 1977; Garland
and Mills, 1991; Colores ef al., 1996). This has led to the development of commercially
available sole C source utilisation plates (‘BIOLOG’). The plates comprise 96 wells of
which 95 contain a C source and a tetrazolium based redox dye which forms the insoluble
purple formazan following reduction of NAD to NADH during microbial respiration.
Inoculation of the wells with soil suspensions has enabled the characterisation of the
functional diversity of bacteria from soil supporting different plant communities based on
the metabolic discrimination between the C sources (Garland and Mills, 1991; Zak et al.,
1994; Garland, 1996). This approach has been taken further by adding more ecologically
relevant user defined substrates to BIOLOG plates that contain only the redox dye.
Campbell et al. (1997) combined standard and customised plates in an investigation of
grassland rhizosphere microbial communities. These results indicate that the use of smaller
plates containing ecologically relevant user defined C sources provide a more meaningful
and economical alternative to the standard plates. This approach has not been applied to
soils receiving chronically enhanced atmospheric N deposition. The technique may be
particularly useful since the addition of different P sources to the plates may provide
evidence for changes in the rates of P turnover in these soils, further strengthening the view
that these sites are becoming principally P limited. The information gained from BIOLOG
plates relates only to a sub-sample of the whole microbial community (i.e. culturable
bacteria). However, by combining the technique with other measurements of the activity of
soil microorganisms (PME activity, respiration), a more accurate picture of the functional
capabilities of the entire soil microbial community can be attained. Although saprotrophic
and, especially, mycorrhizal fungi are the dominant microorganisms in acid soils (in terms of
biomass) and are therefore probably the most important in nutrient cycling processes, there
is little information regarding the functional capabilities of bacteria in these soils,

particularly in their response to enhanced N deposition.

162



7.1.1 Aims

The aims of this chapter is to investigate the effects of long-term N additions on the
utilisation of C, N and P sources by soil microorganisms. The potential rates of C, N and P
source utilisation by soil bacteria will be examined using standard BIOLOG microtitre
plates. In addition, a series of customised BIOLOG plates will be developed which contain
a range of inorganic and organic N and P sources. The effect of N treatments on the
utilisation of C, N and P sources by microorganisms within whole soil samples will be

investigated by monitoring the respiratory response of fresh soil samples to nutrient

amendments.
7.2 MATERIALS AND METHODS
7.2.1 BIOLOG microtitre plates

i) Standard plates
Standard BIOLOG GN micro plates were used for the heathland and acid grassland soils,

and GP plates for the calcareous grassland. The GN and GP plates differ only in the range
of substrates, although there is considerable overlap (Appendix B, Tables B1 and B2).
Both plates include a range of carbohydrates, carboxylic acids, amino acids and phenolic
acids, the remainder being a miscellaneous mixture of polymers, alcohols and heterocyclic N
compounds. In the GN plates, this included three P containing compounds,
glucose-1-phosphate, glucose-6-phosphate and D, L-a-glycerol phosphate. The GP plates
included 4 additional P sources, adenosine-5’-monophosphate, thymidine-5’-
monophosphate, uridine-5’-monophosphate and fructose-6-phosphate. The preformed
plates comprise 96 wells of 200 ul capacity, of which 95 contain 5 mg dry weight of an

individual C source while the remaining C free well acts as a control.

ji)_Custom plates
BIOLOG MT plates, which are identical to the GN and GP types except they do not

contain any C sources, were used as the basis for investigations into the utilisation of a
number of user defined C sources. One set of plates', constructed at the Macaulay Land
Use Research Institute (‘MT1 plates”), contained 30 ecologically relevant C sources which
were primarily phenolic acids (Johnson, 1994, Campbell ef al., 1997). The second set of
plates (‘MT2 plates’), constructed in Sheffield, included both organic and inorganic N and P

! The MT1 plates were constructed by Dr. C. D. Campbell whose help is gratefully acknowledged.
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sources (Table 7.1). Unlike the standard BIOLOG plates, the substrates in this set were
added on a dry weight C, N or P basis. The amount of C added to each well was 1.2 mg.
This was calculated to be the same as the wells of the standard plates containing glucose as
a sole C source. Glucose was added with substrates that did not contain any C, i.e.
inorganic N and P sources. Substrates containing either C and N or C and P were added
using C as the weight determining factor. N was used as the weight determining factor for

NHH,PO, which contains both N and P (C added separately as glucose).

The substrates were made as solutions (100 ml for glucose; 20 ml for all others) with
deionised water and sterilised either by autoclaving for 20 minutes (all inorganic N and P
sources) or by filtration (0.45 pm). Any contamination was accounted for by using
appropriate blank plates (see section 7.2.1.iii below). Sterile glucose solution was added to
the inorganic substrates after each had been sterilised. 200 pl of each substrate combination
were added aseptically to a well of a BIOLOG MT plate in a laminar flow cabinet so that
each plate contained 6 complete sets of substrate. The plates were left to dry in the cabinet

with their lids removed for up to 48 hours.

Hi ion of soil s nsions and inoculation of pl

Initial experiments with soil from the heathland and acid grassland used GN and MT1 plates
in combination, while the GP plate was used for the calcareous grassiand. Subsequent
investigations on the utilisation of inorganic and organic N and P sources by soil bacteria in
the acid and calcareous grassland used the customised MT2 plates. The plates were
inoculated with soil suspensions from the H horizon in the heathland and Ah horizon in the
acid and calcareous grasslands. A 10 g sample of field moist soil was added to 100 ml
sterile deionised water and shaken on a wrist action shaker for 10 minutes. Ten fold serial
dilutions were made from which the 400x dilution for the heathland and the 1000x for the
acid and calcareous grasslands were identified as being the lowest dilutions with minimal
background colour. In the initial study using standard GN, GP and MT1 plates, the diluted
samples were centrifuged at 750 g for 10 minutes. The standard and MT1 plates had 150 pl
of soil suspension inoculated into each well while the MT2 type received 200 pul. All plates
were incubated at 20 °C for up to 5 days. Potential contamination of the substrates in the

customised plates was accounted for by inoculating a plate with sterile (by filtration through
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a 0.45 um filter) deionised water, and subtracting the optical density values from those
obtained with soil suspensions. The plates were shaken on an automated shaker-plate
reader for 20 s and the colour development of the redox dye in each well was measured at

590 nm approximately every 24 h.

Absolute rates of colour development were compared in wells containing all C sources,
organic P compounds and amino acids in response to the N treatments. The mean average
well colour development (AWCD) of each substrate group during the initial 96 h of
incubation were compared using two-way ANOVA and Tukey multiple comparison test.
Absorbance values are expressed as optical density (OD) units.
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Table 7.1. Substrate composition (mg C, N or P well") and treatment codes of customised BIOLOG MT plates.

Substrate Formula Treatment code mgC mgN mgP
Glucose CeH 1206 G 1.20 0 0
Calcium nitrate + glucose Ca(NO;),-4H,O CNG 1.20 0.24 0
Ammonium sulphate + glucose (NH,),SO, ASG 1.20 0.24 0
Ammonium nitrate + glucose NHNO; ANG 1.20 0.24 0
Ammonium orthophosphate + glucose NH.H,PO;, APG 1.20 0.24 0.53
Sodium dihydrogen orthophosphate + NaH;PO+-H;O SPG 1.20 0 0.24
glucose

Glycerophosphate C3H/QsPNa,.5H0 GP 1.20 0 1.03
a-naphthy! phosphate CioH/OPNa NP 1.20 0 031
Histidine CsHsN;O:H;O Hi 1.20 0.70 0
Glutamic acid CsHieOsN; Gl 1.20 0.56 0
Asparagine NH,COCHx(NH,)COOH . H,0O As 1.20 0.733 0
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7.2.2 Soil respiration

Changes in soil respiration rates were used as indicators of microbial utilisation of inorganic
and organic N and P sources added to whole soil samples from the heathland and
calcareous grassland. Soils were obtained from the H horizon of the heathland and Ah
horizon of the calcareous grassland and prepared as described in section 2.2.1. The
substrates and their concentrations are shown in Table 7.2. Substrates were added as a
solution with deionised water to enable even and rapid distribution throughout the soil
samples with a minimum of disturbance and to remove any potential water limitation (West
and Sparling, 1986). Glucose was added in combination (5 mg g" soil dwt) in order that
substrates were utilised as N or P sources, rather than as C sources, and also to ensure that
the microbial population was in its most active state. The respiration rate was measured in
a series of glucose controls in which parallel samples of soil had received only additions of
glucose. The substrate solutions were added to fresh soil samples (1 g dry weight
equivalent) and the respiration rates measured every 15 minutes for 5 h at 22 °C with a 20
channel automated manometric electrolytic respirometer (Merit 20, E. R. Addington

(Engineers) Ltd.).

Table 7.2. Substrates and their concentrations used in combination with glucose (5 mg g’

soil dwt) that were added to the heathland and calcareous grassland soils.

Substrate Concentration (g soil dwt)
DNA 2 mg
Glycerophosphate 2mg

Histidine 2mg

Sodium orthophosphate 02mgP
Ammonium nitrate 02mgN
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7.3 RESULTS

7.3.1 Utilisation of C, N and P sources in BIOLOG plates

i) Standard and MT1 plates

The 96 h average well colour development (AWCD) measured in optical density units
(OD) ranged from 0.011 to 0.25 OD in the heathland, 0.23 to 0.48 OD in the acid grassland
and from 0.25 to 0.95 OD in the calcareous grassland (Table 7.3). There were significant
effects of N treatments on the utilisation of C sources and the combined C-P and C-N
sources in BIOLOG plates. The AWCD for all 125 C sources inoculated with the heathland
soil increased significantly from 0.06 OD in the control to 0.20 OD in the N treated plots
(P<0.05), there being no further increase from the 8 to the 12 g N m? y! treatment (Table
7.3). In the wells containing amino acids as sole C sources there was a similar N treatment
effect, AWCD increasing significantly (£<0.05) by a factor of approximately 3 from 0.075
OD in the control to 0.25 OD in the 8 N and 0.22 OD in thel2 N treatments (Table 7.3),
again there being no difference between the two levels of N treatment. In contrast, the
AWCD for the organic P compounds not only increased by an order of magnitude from
0.01 OD in the control to 0.1 OD in the 8 N treatment (P<0.01), but increased further to
0.19 OD in the 12 N treatment (P<0.05).

Unlike the heathland site, C source utilisation in the acid grassland soil was consistently
reduced by the N treatments, the effects being similar for all C sources (Table 7.3). The
AWCD of all three groups of C sources was significantly (P<0.05) lower in the 14 N AS
treatment when compared with the control while the 14 N treatment significantly reduced

only the utilisation of amino acids and organic P compounds (P<0.05).

A similar pattern was seen in the calcareous grassland, where utilisation of C sources in the
plates containing soil suspensions from the N treated plots was lower than in the controls.
However, significant differences were only seen in the 14 N and 14 N AS treatments. The
AWCD for all 95 C sources decreased significantly (P<0.05) by 53 % from 0.68 OD to
0.32 OD in the 14 N treatment and by 43 % to 0.39 OD (P>0.05) in the 14 N AS treatment
(Table 7.3). As with the heathland site, the N treatment effects were not of a consistent
magnitude for each group of substrates. The AWCD for the amino acid group was only
significantly lower in the 14 N treatment, where it decreased by 39 % from 0.95 OD to 0.58
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OD. For the organic P groups however, AWCD decreased significantly by over 70 % from
0.86 OD to 0.25 OD in the 14 N treatment, and by over 60 % to 0.33 OD in the 14 N AS
treatment (Table 7.3).

Table 7.3. Average well colour development of BIOLOG plates inoculated with soil
suspensions from heathland, acid grassland and calcareous grassland plots that have
received seven years of N treatments (+ SEM). Values sharing a letter are not significantly

different (P>0.05). Sites and substrate groups analysed independently.

Heathland
Treatment (m?y™) Total (all C sources)  Amino acids Organic P
Control (water only) 0.06° (£ 0.02) 0.08° (£ 0.03) 0.011° (= 0.007)
8 N (8 g NHINO»-N) 0.20% (= 0.06) 0.25% (£ 0.07) 0.10% (£ 0.03)
12 N (12 g NHLNO:-N) 0.20° (+ 0.05) 0.22 (+ 0.06) 0.19° (£ 0.06)
Treatment (m?y') Acid grassland
Control (water only) 0.39% (£ 0.09) 0.48° (£ 0.10) 0.34° (£ 0.10)
14 N (14 g NH.NOx-N) 0.33% (£ 0.08) 0.40° ( 0.10) 0.27* (+0.07)
14 N AS (14 g (NH.»:S0,N) 0.30 (2 0.07) 0.36 (+ 0.10) 0.23% (+ 0.08)
Treatment (m? y"') Calcareous grassland
Control (water only) 0.68° (£ 0.11) 0.95% ( 0.05) 0.86° (£ 0.17)
3.5 N (3.5 g NHLNOs-N) 0.53% (£ 0.08) 0.80° (+= 0.06) 0.52% (£ 0.12)
14 N (14 g NH\NO;-N) 0.32% (£ 0.04) 0.58° (£ 0.02) 0.25* (2 0.03)
14 N AS (14 g (NH,),SO:-N) 0.39° (£ 0.03) 0.77% (+ 0.04) 0.33%(+ 0.09)
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ii) MT2 plates
The AWCD of customised MT2 plates containing glucose with and without added

inorganic N and P sources and inoculated with soil suspensions from the acid grassland
ranged from 0.04 OD to 1.25 OD (Fig. 7.1a). The AWCD for glucose added in
combination with ammonium sulphate (ASG), ammonium nitrate (ANG), ammonium
orthophosphate (APG) and sodium orthophosphate (SPG) was higher than for glucose
alone. The utilisation of glucose and glucose + calcium nitrate (CNG) was not affected by
the N treatments (Fig. 7.1a), although the overall AWCD was considerably lower in wells
supplied with CNG than glucose alone. However, significant N treatment effects were seen
for ASG, ANG, APG and SPG. This was most marked for ASG where the AWCD
significantly (P<0.05) decreased from 1.25 OD in the control to 0.75 OD in the 14 N
treatment and further decreased to 0.5 in the 14 N AS treatment (Fig. 7.1a).  Similar
effects were also seen for ANG, APG and SPG where AWCD was lower in the 3.5 N
treatment and significantly (P<0.05) lower in the 14 N treatment. However, the 14 N AS
treatment had no effect on AWCD of wells containing ANG. For APG and SPG, AWCD
was significantly (P<0.05) lower in the 14 N AS treatment, but only to the same degree as

the 14 N treatment.

The AWCD of customised MT2 plates containing organic N and P sources and inoculated
with soil suspensions from the acid grassland ranged from 0.02 OD to 1.53 OD (Fig. 7.1b).
The lowest values were seen in wells containing glycerophosphate (GP) and histidine (Hi),
and the highest in wells containing glutamic acid (Gl) and asparagine (As). No absorbance
readings could be obtained for a-naphthyl phosphate for this soil. Significant (P<0.05) N
treatment effects were seen only for GP and Hi (Fig. 7.1b). For GP, AWCD decreased
from 0.2 OD in the control to 0.06 OD in the 14 N treatment and 0.02 OD in the 14 N AS
treatments. For Hi, AWCD increased significantly (<0.05) from 0.3 OD in the control to
0.46 OD in the 3.5 N treatment but subsequently decreased to 0.11 OD in the 14 N AS
treatment, while the 14 N treatment had no effect. Although no significant N treatment
effects were seen in the wells containing Gl and As, there was an indication of a less active

microbial population in the 14 N treatment where AWCD was reduced by 25 % for Gl and
31 % for As (Fig. 7.1b).
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Fig. 7.1. Utilisation of (a) glucose and inorganic N and P sources and (b) organic N and P
compounds in customised BIOLOG MT2 plates containing soil suspensions from the Ah
horizon of acid grassland plots that have received 0 (Control), 3.5 (3.5 N)and 14 (14 N) g

N m? y"' as ammonium nitrate and 14 (14 N AS) g N m? y' as ammonium sulphate for
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The AWCD of customised MT2 plates containing glucose with and without added
inorganic N and P sources and inoculated with soil suspensions from the calcareous
grassland ranged from 0.06 OD to 1.43 OD (Fig. 7.2). The AWCD in wells containing
glucose only (G) was not significantly affected by the N treatments. However, in contrast
to the acid grassland, there was a strong trend for increased AWCD in response to the 14 N
and 14 N AS treatments. In the 14 N treatment, the AWCD increased by 55 % from the
control and significantly by 65 % from the 3.5 N treatment (Fig. 7.2). This trend was seen
in only the ammonium nitrate + glucose combination (ANG) where AWCD increased
significantly in both the 14 N and 14 N AS treatments. AWCD was not affected by the N
treatments in any of the remaining substrate combinations (Fig. 7.2). The stimulatory effect
of the 14 N and to a lesser extent, the 14 N AS treatments on the AWCD of wells
containing glucose alone could disguise the effect of the inorganic N and P sources on
bacterial activity in the wells. When the glucose only response was subtracted from the
combined substrate responses, the N treatments were found to have a stronger effect on
utilisation of the inorganic N and P sources (Table 7.4). AWCD in the ammonium nitrate
and sodium orthophosphate wells was significantly (P<0.05) lower in response to the 14 N
treatment. Similar but non-significant decreases were also seen in wells containing

ammonium sulphate and ammonium orthophosphate (Table 7.4).

The AWCD of MT2 plates containing organic N and P sources and inoculated with soil
suspensions from the calcareous grassland ranged from 0.01 OD to 1.5 OD (Fig. 7.3). The
AWCD in glutamic acid (Gl) and asparagine (As) wells was considerably greater than for
the other substrates and ranged from 1.1 OD to 1.5 OD. The AWCD of wells containing
glycerophosphate (GP) was significantly (P<0.05) lower in the 14 N treatment while both
the 3.5 N and 14 N treatments significantly reduced the AWCD of wells containing histidine
(Hi). No N treatment effects were seen for a-napthyl phosphate (NP), Gl or As.
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Table 7.4. The increase (+) or decrease (-) in AWCD of customised BIOLOG MT?2 plates containing inorganic N and P sources inoculated with

soil suspensions from a calcareous grassland soil that has received 0 (control), 3.5 (3.5 N) or 14 (14 N) g N m? y"! as ammonium nitrate or 14 (14

N AS) g N m? y! as ammonium sulphate for seven years in relation to the AWCD of plates containing glucose alone (+ SEM). Values sharing a
letter are not significantly different (P>0.05).

Treatment Calcium nitrate Ammonium Ammonium Ammonium Sodium
sulphate nitrate orthophosphate orthophosphate
Control -0.37* (£ 0.03) +0.86°(x 0.05) +0.07* (£ 0.11) +0.99° (+ 0.08) +).78% (+ 0.10)
35N -0.31° (£ 0.04) +0.88(+ 0.06) +0.15 (£ 0.06) +0.95* (£ 0.11) +0.72® (£ 0.09)
14N 0.55°(£0.14) +0.72* (% 0.06) +0.46° (£ 0.08) +0.79*(+ 0.07) +0.53° (= 0.06)
14N AS -0.51° (+ 0.07) +0.77* (+ 0.06) +0.20* ( 0.09) +0.84° (£ 0.10)  +0.65® (£ 0.12)
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different (P>0.05). Substrate codes as for Table 7.1.

7.3.2 Soil respiratory response following addition of C, N and P sources

Soil respiration rates ranged from approximately 1200 to 2300 pg CO, g™ soil dwt h™ in the
heathland and from 1200 to 2000 ug CO, g soil dwt h™ in the calcareous grassland (Fig.
7.4a, b). In the heathland, the 4 N and 8 N treatments resulted in a progressive increase in
respiration rates in response to glucose (G), DNA + glucose (DNA) and sodium
orthophosphate + glucose (SP). However, this effect was only significant (P<0.05) in
response to the 8 N treatment in the soils receiving SP where the respiration rate increased
from 1200 pg CO, g soil dwt h' in the control to 2000 pg CO; g soil dwt h (Fig. 7.4a).
Both the 8 N and 4 N treatments had a stimulatory effect the respiration rate when glucose
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was added in combination with glycerophosphate (GP), histidine (Hi) and Ammonium
nitrate (AN). The slightly stronger effect of the 8 N treatment resulted in significant
(P<0.05) increases in the respiration rate following addition of the GP and Hi substrate

combinations (Fig. 7.4a).

In contrast to the heathland, there were no significant changes to the respiration rate of the
calcareous grassland soil in response to the N treatments, regardless of the type of substrate
added. There was, however, a trend for a progressive decrease in respiration rate with
increasing N deposition (as ammonium nitrate) following addition of all substrates except
SP (Fig. 7.4b). For example, the respiration rate in the glucose only amended soil
decreased by 11 % in the 3.5 N treatment and by 30 % in the 14 N treatment. The
respiration rates remained relatively constant in response to the 14 N AS treatment for all

substrate combinations.

The effects of the N treatments on the respiration rate of the heathland soil for the entire
duration of the incubations (300 minutes) were less apparent when the glucose only
responses were removed from the glucose + N or P responses (Table 7.4). Significant
(P<0.05) increases were only seen following addition of sodium orthophosphate, where the
respiration rate increased from 7 ug CO, g soil dwt h" in the control to 298 ug CO, g soil
dwt h' in the 8 N treatment. Ammonium nitrate was the only substrate that consistently
reduced the respiration rate in response to the N treatments. Here the respiration rate was
reduced by 300 % in the 4 N and by 490 % in the 8 N treatments, although these decreases
were not significant (P>0.05). The addition of histidine resulted in a stimulatory effect in
response to the 4 N treatment, while a slight inhibitory effect was seen in the 8 N treatment.
The N treatments appeared to have a greater impact on the respiration rates during the
initial 60 minutes of the incubations. The treatments significantly increased the respiration

rate following addition of DNA, glycerophosphate, histidine, and sodium orthophosphate
(Table 7.4).

The removal of the glucose only response in the calcareous grassland soil reversed the trend
that was previously seen. The N treatments progressively increased the respiration rates
following addition of DNA, glycerophosphate and histidine, although these differences were
not significant (P>0.05). However, when the responses for all of the substrates were
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analysed in combination, the respiration rate increased significantly (P<0.05) from 36 ug
CO; g soil dwt h' in the control to 323 pg CO, g soil dwt h' in the 14 N AS treatment
(Table 7.5). In contrast to the heathland, the respiratory responses were consistent

throughout the incubation period.

Soil PME activities in the heathland and calcareous grassland plots were plotted against the
respiration rates following amendment with glycerophosphate (glucose only respiration
subtracted). Significant linear relationships were seen for both sites, although this was most
marked at the heathland where soil PME activity accounted for 47 % of the variation of the
respiratory response (Fig. 7.5a, b). A stronger relationship (r* = 0.77; P<0.001) was found
for the AWCD of BIOLOG GN plates containing organic P compounds inoculated with soil
suspensions from the heathland plots (Fig. 7.5¢). No relationship was found for BIOLOG
GP plates inoculated with soil from the calcareous grassland plots (r* = 0.13; P<0.17).
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Fig. 7.4.

as ammonium nitrate for eight years and (b) a calcareous

y-l
grassland soil (no significant differences;

N) and 8 (8 N) g N m?

P>0.05) that has received 0 (Control), 3.5 (3.5 N)

2 y'! as ammonium nitrate and 14 (14 N AS) g N m? y! as ammonium

>

and 14 (14 N) g N m

sulphate for seven years following amendment with C, N and P sources during a 5 hour

incubation (+ SEM). Values sharing a letter are not significantly different (P>0.05). NA

not analysed. Substrate codes as for Table 7.1.
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Table 7.5. The increase (+) or decrease (-) in the glucose induced respiration rate of a

heathland soil that has received 8 years of N treatments following amendment with C, N

and P sources (ug CO, g soil dwt h'). Values sharing a letter are not significantly different

(P>0.05).
0-60 minutes
Treatment DNA Glycerophosphate  Histidine Sodium Ammonium nitrate
orthophosphate
Control -167 +84 -337 -455° 414
4N -4 +645° +66° +216° -389°
SN +1063° +554+> -117e +183° -513¢
0-300 minutes
Control +313* +237 67T +7 67
4N +488* +501° +111° +208%® -268*
8N +668° +312¢ -95P +298° -395°

Table 7.6. The increase (+) or decrease (-) in the glucose induced respiration rate of a

calcareous grassland soil that has received 7 years of N treatments following amendment

with C, N and P sources (pg CO. g" soil dwt h™). Values sharing a letter are not

significantly different (P>0.05).
0-300 minutes
Treatment DNA  Glycerophosphate  Histidine Sodium All substrates
orthophosphate
Control -26* +123 -10* +5T +36°
35N +36* +I7* +40° +429° +145°
14N +62* +196* +121° +100° +120*
14N AS +212* +617° +502° 41 +323°
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7.4 DISCUSSION

The BIOLOG profiles revealed close parallels between the changes in Cyi and the average
rate of C source utilisation and provide independent verification of the effects of N
treatments on C, and potential catabolic activities. At the heathland site, not only was the
average rate of C source utilisation in the standard and MT1 plates increased by N additions
(Table 7.3), but there was also specific enhancement of rates of utilisation
phosphomonoesters which increased 10-fold in the 8 N and 18-fold in the 12 N treatments.
This is most likely to have arisen from a change in the bacterial population in this soil, with
the N treatments selecting for bacteria with high rates of phosphomonoester utilisation. In
the control plots of the heathland site, the rate of utilisation of phosphomonoester C sources
was only one sixth of the average for all C sources in the BIOLOG plates. However,
phosphomonoester use rose sharply with each increment of added N, and in the 12 N
treatment was equal to the average for all C sources, reflecting the shift from N towards P
as the principal limiting mineral nutrient. This effect was mirrored by the respiration data
which increased following addition of DNA and glycerophosphate (Table 7.5). The
respiratory response was most apparent during the initial 60 minutes of the incubations
which may indicate that N saturation has resulted in microbial populations that are adapted
for more efficient utilisation of organic P compounds. The decrease in utilisation of these
compounds after 60 minutes may thus indicate either substrate limitation or an increase in
the amount of energy diverted for biosysnthesis and cell maintenance rather than respiration,

as reported for salt stressed streptomycetes (Killham and Firestone, 1984).

Significant increases were seen in respiration rates following amendment of soils from the
heathland with histidine (Table 7.5). Histidine is thought to be an important amino acid in
heathland soils where its concentration can fluctuate markedly depending on the time of
year. In an analysis of 13 amino acids, Abuarghub (1987) reported that histidine and
glutamic acid were found in the highest concentrations in the surface horizons of a Calluna
heathland where they reached a peak of 28 ug g™ soil dwt. Plants growing in soils which
have become N saturated might be expected to produce more organic N exudates and have
titter with lower C:N ratios (Williams and Silcock, 1997), so that the change in potential

amino acid utilisation would be consistent with adaptation of a microbial community to the

increased availability of organic N substrates.
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In the BIOLOG plates inoculated with soil from the acid grassland, the rate of
phosphomonoester utilisation in the control was almost the same as the average rate of
utilisation of all of the C sources (Table 7.3). This suggests the presence of bacterial
populations potentially capable of efficient organic P utilisation at this site even prior to N
treatments. N treatments here reduced C.i and the average rate of utilisation of the 125 C
sources, with no evidence that bacterial activity against organic P sources was any less
effected. Furthermore, there was a consistent reduction in AWCD of MT2 plates
containing a range of inorganic and organic N and P sources (Fig. 7.1a, b). It is therefore
likely that the differences in C source utilisation between the treatments are indicating a shift
in the activity of the bacterial community as a whole, rather than a functional change
towards increased utilisation of specific groups of organic nutrient sources, as was seen in
the heathland soil. At first sight this appears to be in conflict with the data on soil PME per
mg C.i. (Fig. 6.6) which showed that the greatest increase in response to the N additions
occurred in the acid grassland. However, the source of the soil PME has not been
determined, and may include significant contributions from plant roots and fungi.

The patterns of C source utilisation in the BIOLOG GP plates inoculated with soil from the
long-term calcareous grassland were similar to the acid grassland, where N treatments
caused a decrease in utilisation of all C sources, amino acids and organic P compounds.
This pattern was also seen to a certain extent in the MT2 plates where there was a decrease
in the utilisation of glycerophosphate and histidine in response to the N treatments. There
was a more pronounced decrease in utilisation of organic P compounds in the GP plates
compared to the entire range of C sources and amino acids (Table 7.3). This appears to be
in contrast with the MT2 plates where there was an absence of any change in the utilisation
of a-naphthyl phosphate (NP) and may indicate that soil bacteria at this site are able to
utilise a limited range of organic P sources (Fig. 7.3). This may be partially explained by the
C:P ratio of NP (3.9) which is considerably higher than for glycerophosphate (1.2),
indicating that it is a lower quality P source. Alternatively, bacteria may not be able to
utilise NP as a C source, or NP, at least in the concentrations used in the MT2 plates, may
pe toxic. Furthermore, in the heathland, where there was clear evidence of selective P
utilisation, the AWCD in wells containing monoester P sources in the 12 N treatment was
6x greater than for all of the C sources, while it was only 1.5x greater for the 14 N
treatment in the calcareous grassland. The overall decrease in C source utilisation in the N
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treated calcareous grassland plots is in agreement with the 1997 SIR C,, data (Chapter 5)
where similar decreases were measured. However, the results are not in agreement with the
measurements of root surface and soil PME activities at this site which both increased in
response to the N treatments. This indicates that long-term N treatments may have
contrasting effects on different components of the soil biota; soil bacteria may have a lower
demand for P when the system has become N saturated than other organisms. There are
many studies that report solubilisation of phosphates by bacteria through secretion of
organic acids such as oxalic, malic or citric acid (e.g. Cosgrove, 1977; Marschner et al.,
1987), rather than through metabolic pathways. The overall decrease in C source utilisation
but increase in PME activity suggests that bacteria may have only a marginal role in P
mineralisation at the calcareous grassland site, although further work is clearly necessary to
elucidate the source of the PME activity. For example, VA-mycorrhizal fungi which are the
most abundant mycorrhizas in most grasslands, are known to contribute significantly to the
P nutrition of their host plants which is at least in part due to the production of phosphatase
enzymes (Joner and Jakobsen, 1995). The absence of any raised demand for P by soil
bacteria extracted from the calcareous grassland in response to the N treatments is also
reflected by the AWCD in wells containing inorganic P. Here, the AWCD decreased
significantly in the N treated plots, but the effect was alleviated to a certain extent in wells
containing inorganic N and P and was completely reversed in the presence of ammonium
nitrate-N alone where the AWCD increased significantly (Table 7.4). The soil respiration
data relate to a much wider group of microorganisms than the BIOLOG plates, including
both bacteria and fungi. In the calcareous grassland, there was a strong trend which
indicated increased utilisation of organic N and P sources (Table 7.6) which provides
further evidence for potential contrasts in the response of different components of the soil
microbial biomass to increased N deposition. The increased respiratory response following
amendment with histidine to the N treated calcareous grassland plots is in agreement with

Morecroft et al. (1995) who observed increased N mineralisation at this site in response to

N additions.

Significant relationships were found between soil PME activity and utilisation of monoester
P compounds in both the heathland and calcareous grassland (Fig. 7.5a-c). This suggests
that measurements of PME activity using the artificial substrate p-NPP can indicate actual
changes in the utilisation of important organic P sources found in soil. In the heathland,

183



significant relationships were found between PME activity and both glycerophosphate
induced respiration and AWCD of BIOLOG plates containing monoester P sources (Fig.
7.5a, ¢c). This may suggest that bacteria are contributing to the bulk soil PME activity, and
may thus indicate that the N treatments can stimulate P mineralisation by this group of
organism. However, the significance of any contribution from soil bacteria to P turnover at
the heathland site is not known. The acidity of the soil and abundance of ericoid
mycorrhizal fungi (Caporn ef al., 1995) would suggest that they have a marginal role.
Alternatively, the relationship between PME activity and monester P utilisation in BIOLOG
plates may be reflecting parallel responses between bacteria and other soil microorganisms,
such as fungi. Although some pot experiments have shown no apparent effect of
VA-mycorrhizal fungal mycelium on numbers and activities of bacteria (e.g. Olsson et al.,
1996), others have demonstrated differences between bacterial populations in

non-mycorrhizal and mycorrhizal plants (e.g. Secilia and Bagyaraj, 1987).

The results presented here provide further evidence of increased P demand by soil
microorganisms in response to enhanced atmospheric N deposition, particularly in the
heathland and calcareous grassland. In general, the results from BIOLOG plates closely
mirror other microbial parameters, such as soil PME activity and microbial biomass, despite
the limited group of organisms (soil bacteria) present in the plates. It is suggested that
customised BIOLOG plates, such as the MT2 plates, can provide a more economical and

ecologically relevant measure of microbial activity than the standard GN or GP plates.
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CHAPTER 8

GENERAL DISCUSSION
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8.1 GENERAL DISCUSSION

The work presented in this thesis provides an in-depth analysis of the effects of long-term
(eight years) N additions to a heathland, an acid grassland and a calcareous grassland. The
results provide evidence that long-term chronic inputs of N can lead to significant
alterations in the nutrition of vegetation and the size and activity of the soil microbial
biomass in these semi-natural ecosystems. The importance of below ground processes and
the lack of data regarding impacts of chronic N inputs in semi-natural ecosystems gives
these results added significance. Whilst this work has filled some of the gaps in our
knowledge on the effects of N deposition on above and below ground processes in
semi-natural ecosystems, the data clearly highlight the need for research into new areas,
particularly concerning N and P interactions. For example, changes in root surface PME
activities in the grasslands following short-term (18 months) applications of N and P

provided evidence of strong interrelationships between enhanced N deposition and P

demand.

The main effects of the long-term N treatments are summarised in Table 8.1. It is clear that
all three sites may have become ‘N saturated’, although the degree of saturation appears to
be most apparent in the heathland and calcareous grassland, where both extractable
inorganic soil N concentrations and shoot N concentrations increased and extractable
inorganic soil P decreased. N saturation in some semi-natural ecosystems has been shown
to lead to considerable changes in the composition of vegetation, including widespread
conversion of Dutch heathlands into grasslands and the spread of the grass Brachypodium
pinnatum in calcareous grasslands (Bobbink, 1991; Pearson and Stewart, 1993). UK
heathlands have yet to be similarly affected by increased N deposition. In the present study,
Calluna vulgaris has in fact shown marked growth increases in response to eight years
simulated N deposition (see Table 5.4). The lack of any dramatic changes in UK heathland
vegetation is probably due to a number of factors. In Dutch heaths, grasses out-compete
Calluna by colonising gaps in the canopy (Van der Eerden et al., 1991). Although this
process normally takes several decades, the transition can be dramatically stimulated by
other factors such as drought and heather beetle attack. The heather beetle thrives on N
enriched shoots and causes defoliation and reduced plant health (Heil and Diemont, 1983),
but in many UK upland heaths, the unfavorable climate could prevent heather beetle

population explosions. Furthermore, in the UK, heather moors are managed by regular
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Table 8.1. Summary of the main effects of long-term N additions to a heathland, an acid
grassland and a calcareous grassland.
chapter(s). ND = not determined.

Figures in parentheses refer to the relevant

Parameter Field site
Heathland  Acid grassland Calcareous grassland

Soil pH (2) No change No change Reduction
Soil inorganic N (2) Increase Increase Increase
Soil inorganic P (2) Decrease No change Decrease
Shoot N (3,4) Increase' Increase Increase
Shoot P (3,4) ND Decrease No change
Root surface PME (4) ND Increase Increase
Microbial C (5) Increase Decrease No change
Microbial N (5) No change No change No change
Microbial P (5) No change No change Decrease
Soil PME (6) Increase Increase Increase
Organic P utilisation (7) Increase No change Increase

t Caporn et al. (1998)

burning which can release considerable quantities of accumulated N (Allen et al., 1969).
Consequently, N can only be allowed to accumulate between the periods of buming
(approximately 15 years). In the present study, the increased productivity of Calluna will
have resulted in greater uptake of P, which was largely reflected by significant reductions in
soil solution orthophosphate concentrations. However, soil inorganic P concentrations
were slightly higher in the 12 N treatment when compared to the 8 N treatment (Table 2.4)
but plant productivity (as reflected by cover) increased significantly between these
treatments (Table 5.4). This indicates that organic forms of P may have been utilised in
order to maintain plant productivity. In nutrient poor mixed upland grassland communities,
organic forms of P are thought to have an important nutritional role, nearly half of the
organic and residual components of soluble P are in forms suitable for rapid mineralisation

or direct plant uptake (Macklon et al., 1994). The very fine root system of Calluna, which

187



is typically concentrated in the organic matter enriched surface horizons, and the ability of
the ericoid mycorrhizal endophyte, Hymenoscyphus ericae to degrade a wide range of
mono and diester P compounds (Mitchell and Read, 1981; Straker and Mitchell, 1986;
Leake and Miles, 1996) certainly suggests that Calluna is suitably adapted for organic P
uptake. Further work is clearly necessary to quantify the nutritional importance of organic

P for Calluna, particularly when subjected to enhanced pollutant N deposition.

The data presented in Chapter 3 indicate that the structure of the grassland vegetation
communities may be more sensitive to N inputs than the heathland. Mosses appear to be
particularly sensitive to the N treatments. In the calcareous grassland, the above ground
biomass of moss was reduced following just 18 months of N treatments while in the acid
grassland, the shoot density of R. squarrosus and P. schreberi decreased with increasing N
supply following seven years of treatments. Numerous other workers have also reported
substantial decreases in moss abundance in response to atmospheric pollution (Baddeley er
al., 1994; Pitcairn et al., 1995). Morecroft et al. (1994) reported a decrease in abundance
of R squarrosus after three years of N treatments to the acid grassland site used in the
present study, but only in the ammonium sulphate treatment (14 g N m? y”). In addition,
the authors did not report any decrease in moss cover at the calcareous grassland.
However, the methods used by Morecroft et al. (1994) are likely to be less reliable than
those used in the present study for the calcareous grassland, where the total above ground
biomass was harvested and sorted. Decreases in moss cover in response to N additions
have been reported for numerous other systems (e.g. Baddeley et al., 1994). Mosses have
been shown to readily absorb N from atmospheric deposition (Silcock and Williams, 1995;
Baxter et al., 1992). The disappearance of the bryophyte mat in the acid grassland may lead
to enhanced levels of inorganic N deposition directly onto the soil surface which could

stimulate soil eutrophication.

No changes in the cover of higher plant species were observed by Morecroft et al. (1994)
after three years of N treatments. Subsequent annual surveys using the same methodology
have continued which indicate reduced cover of a number species (J. Carroll, pers. comm.).
The most affected species in the calcareous grassland include Helianthemum nummularium,
Thymus praecox and Carex flacca while in the acid grassland, only the cover of Agrostis

capillaris was significantly reduced. However, the present study revealed that the
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long-term N treatments have also reduced the above ground biomass of Anemone nemorosa
in which significant increases in the shoot N:P ratio were seen. Similar decreases in cover
and biomass of A. nemorosa have been reported following addition of up to 18 g N m? y
to a Swedish beech stand (Falkengren-Grerup, 1993). The root system of A. nemorosa is
characterised by a rhizome, approximately 5 mm in diameter (Shirreffs, 1985), which is
thought to have an important role for starch storage (Meyer and Hellwig, 1997). Although
the plants in the N treated plots may have become P limited, the reduced above ground
biomass may indicate reduced C allocation from the rhizome. The rhizomes of 4. nemorosa
are often colonised by fungi of which little is known about their function. Ernst (1983)
reported significant alterations in the mineral nutrition of plants which were infected with
Ochropsora ariae, Sclerotinia tuberosa and Tranzschelia anemones and so it is likely that
they could contribute to the nutrition of the plants. In the present study, the rhizomes were
not removed and so no data are available regarding the degree of fungal colonisation in
these plants. Further work is clearly necessary to elucidate both the function of the
colonising fungi and their response when host plants are grown in soils subjected to

chronically enhanced inputs of N.

It is clear from the results presented in Chapter 3 that the number and type of species at
both sites, but particularly the calcareous grassland, are strongly dependent on the supply of
nutrients (i.e. N or P). Grime (1973a) proposed a ‘hump-backed” model describing the
control of species density in herbaceous vegetation. The model suggests that the result of
moderate intensities of stress is to increase species density by reducing the vigour of
potential dominants, thus allowing coexistence of secondary species, while at high
intensities of stress, species diversity falls to produce the characteristic ‘hump-back’. The
model has been shown to adequately describe changes in species richness in response to a
number of environmental stresses (e.g. Grime, 1973b, Muotka and Virtanen, 1995) and to
increasing plant biomass (Al-Mufti ef al., 1977). However, the data obtained in this study
from the short-term calcareous grassland grazing exclosure experiment do not agree with
this pattern. Negative linear correlations between species richness (number species m?) and
total extractable inorganic N (nitrate and ammonium) and the soil inorganic N:P ratio were
observed (Table 8.2) which indicates that as N deposition increases, species richness
decreases. A positive linear relationship was seen between species richness and extractable

soil P (Table 8.2). This contrasts to a number of other studies where addition of fertiliser to
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Table 8.2. Correlation coefficients (r’) between species richness and above ground biomass
* and soil N and P concentrations and above ground biomass and soil N and P concentrations
in short-term calcareous grassland plots (ns = not significant (P>0.05); * = P<0.05; ** =
P<0.01; *** = P<0.001; NA = not applicable).

Above ground biomass N P N:P
Species richness -0.03™ -0.37*+ 0.57%** “0.49%*+
Above ground biomass NA 0.11™ -0.15™ 0.07

nutrient poor environments has been shown to have an inverse effect on species diversity
(e.g. Willis, 1963). In the present study, this may be explained by the importance of
monocotyledons, even prior to any experimental additions of N and P. The dominant
species at the calcareous grassland were Festuca ovina and Carex caryophyllea which had
mean percent cover values of 80.5 and 44.2 % respectively (Table 2.2). This contrasts to
the studies of Willis (1963), working on a low productivity dune system, where grasses
were initially a minor component of the vegetation. Thus, in the present study, species that
may otherwise be out-competed following substantial increases in growth of grasses (mainly
low growing forbs such as Thymus sp.), as observed by Willis (1963), may have already
adapted or be absent in the already grass dominated community. Consequently, at least in
the short-term (18 months), these species may also be able to survive in plots where
monocotyledon above ground biomass has shown only moderate increases (as compared to

Willis, 1963) in response to the P treatments.

No relationship was found between species richness and above ground biomass + litter
(Table 8.2). This may in part be explained by the relatively narrow range of biomass + litter
values (162 to 374 g m?), which is in marked contrast to the study of Al-Mufti ef al. (1977)
who sampled within the range 175 to 2600 g m?. The optimum above ground biomass for
the maximum number of species was 510 g m?. Similarly, Vermeer and Berendse (1983)
reported significant negative linear relationships between these two parameters in grassland
communities where the above ground biomass ranged from 400 to 1150 g m?, and the
optimum biomass was between 400 to 500 g m? These figures are considerably higher

than the maximum biomass measured in the present study. It is quite conceivable,
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therefore, that the vegetation response to the P additions simply is not great enough to
influence the species density of the whole plant community. Clearly, other factors are much
better discriminants of species richness (i.e. soil inorganic N and P concentrations and N:P
ratio). Whilst species richness of the calcareous grassland community may not be related to
above ground biomass, at least after 18 months nutrient additions, it is clear that individual
species can be dramatically affected. For example, the virtual loss of the biennial
Gentianella amarella (not included in the above ground biomass determinations) in both
the N and P treated plots was significantly correlated to above ground biomass (Fig. 3.16).
It is surprising that no relationship was found between total above ground biomass and
extractable soil N and P concentrations or the soil extractable N:P ratio (Table 8.2).
However, when taken together with the changes in shoot N and P concentrations, the
results imply substantial foliar uptake of the applied nutrients. In many plant communities
that receive elevated levels of N deposition foliar uptake of nutrients is of increasing
importance (Pearson and Stewart, 1993). The observations in the present study confirm the

effectiveness of the mode of treatment application as a method for simulating N deposition.

Despite the dramatic loss of some plant communities, such as Dutch lowland heaths,
virtually no work has focused on the impact of chronic N inputs on the activity of soil
microorganisms and nutrient cycling processes. This is surprising considering the
importance of the soil microbial biomass in nutrient turnover and providing plants with an
adequate supply of N and P. Furthermore, since litter-fall is a major mechanism for C input
into the soil environment, any changes in plant productivity are likely to have considerable
impact on the soil microbial biomass. This was seen in the present study where the loss of
plant cover at the grassland sites and the increase in productivity at the heathland (Table
5.4) closely mirrored the changes in soil microbial biomass C (Cuic). The microbial biomass
may also be affected by changes in the composition of the litter entering the soil (Wardle ez
al., 1997). Other factors of importance may include changes in the quantity and quality of
root exudation products and root/mycorrhizal turnover. For example, Ennik ef al. (1980)
reported that N fertilisation reduced sward root mass and root C input. It would therefore
be of further interest to investigate possible changes in root biomass and root exudation

products at the three sites.

191



Perhaps not surprisingly, in view of the long duration of the experimental treatments, and
the fact that the highest treatments are considerably above the current rate of pollutant N
deposition in the UK, the simulated aerial deposition of N has been shown to lead to
significant alterations in the size and functioning of the soil microbial biomass. However,
the effects in the highest N treatments were also reflected in the lower treatments (although
they were not always significant). Some effects, particularly in the heathland were
significant even in the lowest treatment (4 g N m? y'), which is well within the current UK
rates of N deposition (UKRGAR, 1997). These included increased demand for P as
reflected by soil PME activity, PME activity per mg Cyi and the utilisation of organic P

sources, as reflected in BIOLOG plates and substrate induced respiration rates.

The consistent effects of N deposition on PME activity per mg Cui at all three sites
demonstrates a crucial link between the supply of N and the cycling of P in these low
productivity systems. In addition, the study confirms that sites like the heathland which are
initially N limited are most vulnerable to pollutant N deposition. Since this increases plant
growth, microbial biomass and nutrient cycling activity, the fertility and the potential for
floristic changes through competitive invasion may also increase as has occurred in Dutch
lowland heaths (Van der Eerden et al., 1991). Alternatively, sites such as the grasslands
used in the present study in which P is the main nutrient limiting plant growth may show
reduced C.ic and reduced plant growth. The increasing P limitation of these sites with
increasing N deposition may prevent major floristic changes by reducing plant growth and
preventing dominance by any one species. In the calcareous grassland site, there were no
differences in higher-plant species composition after three years of N applications
(Morecroft et al., 1994), although more subtle changes in the proportions of species have
occurred in the subsequent four years (J. Carroll, pers. comm.). This contrasts with the
study of Bobbink (1991) who reported substantial increases in the productivity of the grass
Brachypodium pinnatum following similar N additions to two chalk grasslands in Holland.
However, the Dutch sites differed from the grasslands used in the present study since most
species were not P limited (Bobbink, 1991). In the present study, the P limitation at the
calcareous grassland was dramatically illustrated by substantial increases in above ground
biomass, particularly of monocotyledonous species, following only 12 months P additions
(3.5 g P m?y'). More recently, ten Harkel and van der Meulen (1996) found no effect on

species composition of five years N additions to two coastal dune grasslands, and suggested
192



the absence of treatment effects was due to the vegetation being P rather than N limited.
These studies support the view that in order for us to understand and predict effects of
pollutant N on ecosystems we need to consider the availabilities of other plant
growth-limiting nutrients such as P where, as in the case of the heathland and calcareous
grassland sites the addition of N may increase the rates of organic P utilisation and PME

activities.

A schematic model has been developed which illustrates some of the effects of increased N
supply in the systems used in the present study (Fig. 8.1). The model illustrates the strong
interrelationships between N deposition, N supply and P limitation. In both the grasslands,
sustained elevated N deposition has resulted in higher rates of N mineralisation (Morecroft
etal., 1994; J. Carroll, pers. comm.) which has led to elevated concentrations of available N
(i.e. KCl extractable nitrate and ammonium). Inorganic N concentrations in the heathland
also increased. Although N mineralisation rates have not been measured, it is likely that this
process results in only very low amounts of inorganic N at this site due to the inactivity of
the microbial biomass. In the calcareous grassland and heathland, available P (i.e. NaHCO,
extractable P) concentrations decreased with increasing N deposition. The decrease in soil
extractable P concentrations in plots that have reduced plant cover, and therefore reduced
plant biomass, may arise from slower rates of P mineralisation. Furthermore, in the
calcareous grassland, it is possible that the considerable soil acidification has resulted in
higher solution Ca concentrations as a consequence of dissolution of carbonates (Faurie and
Fardeau, 1990), which may then increase the potential for the formation of insoluble Ca
phosphates. The changes in soil inorganic N and P status were largely mirrored by shoot N
and P concentrations. The subsequent alterations in plant cover and productivity, and,
therefore C inputs to the soil via litter-fall are likely to be the main causes of the changes in
Cumic. The reduced inorganic P concentrations and increased P limitation was reflected by
considerable increases in soil PME activity. In the grasslands, the root surface PME activity
of Plantago lanceolata and Agrostis capillaris was also stimulated by the N additions. The
increased P limitation was also reflected by increased utilisation of organic P compounds
and a reduction in microbial biomass P, although the exact values reported for the latter

must be viewed with caution due to the methodological limitations.
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Fig. 8.1. Schematic model of the interactions between ambient and enhanced N deposition
in the heathland, acid grassland and calcareous grassland used in the present study.
Changes in the size/width of boxes/arrows indicate overall increases or decreases in these
parameters. Question marks indicate present areas of greatest uncertainty.
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It is surprising that very low or non existent levels of mycorrhizal infection were seen in the
roots of P. lanceolata and A. capillaris, but particularly for P. lanceolata which was grown
in the field on undisturbed soil. Birch (1988) reported between 31 and 48 % mycorrhizal
infection in P. lanceolata seedlings transplanted for up to two weeks during October in a
similar calcareous grassland in Lathkill Dale, Derbyshire. In the present study, the first
transplant experiment was conducted during November and so the amount of active
mycorrhizal inoculum in the soil may have been substantially lower than during the growing
season. A possible explanation for the lack of any mycorrhizal infection for the second
experiment, conducted during June when it would be expected that the mycorrhizal
inoculum potential of the soil is at its highest, may be the very dry conditions observed at
this time. The mean annual rainfall for 1995 at Wardlow Hay Cop was 581 mm which
contrasts markedly to the 1994 average of 977 mm, and the previous 10 y average of 795
mm (UKRGAR, 1997). In the heathland, root surface PME activity has not been measured
but the increased soil PME activity and reduced soil P concentrations suggest that root
surface PME activities may also be stimulated by the N treatments. It is clear that further
work needs to be undertaken which focuses on root:soil interactions. Measurement of root
surface PME activity in Calluna would present a number of technical problems, particularly
because of the very fine root system which integrates strongly with organic matter. Other
approaches could characterise the functional capabilities of (myco-) rhizosphere organisms.
For example, Westover et al. (1998) used BIOLOG microtitre plates to characterise
functional differences in microbial communities associated with co-occurring plant species.
Customised BIOLOG plates could be developed in order to investigate the function of
rhizosphere organisms associated with the dense root hairs characteristic of the dauciform

roots of Carex flacca.

An additional factor of considerable importance in the calcareous grassland was the soil
acidification which occurred in direct proportion to the quantities of N supplied, but with
the 14 N AS treatment causing much greater acidification than the equivalent ammonium
nitrate treatment. In view of the extent of soil acidification, it is surprising that both the
microbial biomass and PME activities showed only modest changes in response to the N
additions at this site. The main source of acidification in the calcareous grassland is likely
to be nitrification as reported for other N enriched ecosystems (Makarov and Kiseleva,

1995; Nambu ef al., 1994; Wilson and Skeffington, 1994). Morecroft ef al. (1994) showed
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that during the first three years of N treatment at this site nitrification increased with
increasing N deposition, reaching a maximum of over 20 mg N m? day” in the 14 N AS
treatment, in which the greatest drop in pH was seen. In contrast, nitrification was
negligible at the acid grassland site for the same time period and is likely to be similarly
unimportant in the heathland due to the low soil pH which inhibits the process (Adams,
1986; De-Boer ef al., 1989). This may explain the lack of any significant acidification in

response to the N additions to the acid grassland and heathland sites.

The model highlights a number of areas (marked as question marks) which have not been
thoroughly addressed in this study, notably denitrification rates, litter decomposition, N
leaching and P adsorption, but which could form the basis of future research.
Denitrification is an important but little studied microbially mediated process by which N
escapes from the soils and is released into the atmosphere as nitric oxide (NO), nitrous
oxide (N;0) and dinitrogen (N;). Aerts (1997) reported that natural Dutch peat soils,
which receive large amounts of atmospheric N, have a high potential for denitrification. In
the present study, preliminary data suggest that the heathland plots that have received
long-term inputs of N may also have an increased denitrification potential (Appendix C),
although a more rigorous evaluation needs to be undertaken. The lack of any increase in
nitrate concentrations in the acid grassland indicates that either denitrification or nitrate
leaching may be occurring at this site. Nitrate leaching has important consequences since it
can cause an increase in base cation depletion, and therefore reduce the buffering capacity

of the soil, and also pollute standing and running waters (DoE, 1994).

Although a considerable wealth of information, summarised by Fog (1988), is available
addressing the effects of N on litter decomposition, few studies have focused on the effects
of chronic N additions. The standard methodology for studying litter decomposition in the
field involves measuring weight and nutrient losses from litter incubated in mesh bags. This
approach is confounded by a somewhat arbitrary choice of mesh sizes: meshes too small
prevent both root penetration, which therefore inhibits decomposition by rhizosphere
microorganisms, and access by larger organisms such as Enchytraeid worms, which have an
important role in litter comminution (Yesmin et al., 1995), while meshes too large can

result in litter loss or weight and nutrient gain as a consequence of excessive root
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in-growth. Nevertheless, litter decomposition rates provide important information which

can often be used to infer microbial activities and nutrient mineralisation rates.

8.2 CRITICAL LOADS OF N

The differing definitions of a critical load result in considerable problems when attempting
to evaluate a critical load for a particular ecosystem. For example, the critical load of a
pollutant element or compound can be defined as the input “below which empirical
detectable changes in ecosystem structure and function do not occur according to present
knowledge” (Grennfelt and Thornelof, 1992) or alternatively, “the quantitative estimate of
an exposure to one or more pollutants below which significant harmful effects on specified
sensitive elements of the environment do not occur according to present knowledge”
(Nilsson and Grennfelt, 1988). Although the latter definition has been used by a number of
expert groups, such as the UNECE (United Nations Economic Commission for Europe),
the phrase “harmful effects” introduces a high degree of subjectivity. Changes in the
vegetation structure may, for example, be considered to be a negative or a positive effect
depending on the preferred use of the system. Nevertheless, critical loads of N have been
estimated for 14 types of semi-natural and natural ecosystems. The value derived for acid
grassland is <2 g N m? y* and for species rich calcareous grassland is 1.4-2.5 g N m? y!
(Grennfelt and Thornelof, 1992). Although no estimates are available for upland heaths, a
comparison can be made with lowland wet heathland which was given a critical load of
1.7-2.2 g N m? y'. It must be remembered that these figures are based entirely upon
vegetation effects, and do not take into account changes in key below ground nutrient
cycling processes. This study has highlighted a number of below ground parameters that
are sensitive to enhanced N deposition, including soil and root surface PME activity and
PME activity per mg Cu, that may be useful for developing critical loads. It is clear that
these substantial changes in PME activity represent “detectable...changes in ecosystem
structure and function” (Grennfelt and Thomelof, 1992), but it is not known if they
constitute “harmful effects”. In general, PME activities were stimulated by all levels of N
addition. Further monitoring is necessary to see if these changes are eventually mirrored by
above ground vegetation effects. Should this prove to be the case, the sensitivity of soil and
root surface PME activities to enhanced pollutant N deposition may suggest that the critical
load of N for the three ecosystems used in this study may be less than 3.5-4 g N m? y!.
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The work presented in this thesis suggests that a knowledge of the availability of nutrients
other than N, particularly P, is necessary before reliable calculations of critical loads of N

can be calculated for semi-natural soils in the UK.
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APPENDIX A
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Fig. Al. Effect of toluene on phosphomonoesterase activity of a calcareous grassland soil
(= SEM). Bars are not significantly different (7>0.05).
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APPENDIX B

Table B1. Carbon sources used in BIOLOG GN microtitre plates

Carbon seurce Carbon source Carbon source
Alpha cyclodextrin Xylitol L-alanine

Dextrin Methyl pyruvate L-alanyl-glycine
Glycogen Mono-methyl succinate L-asparagine

Tween 40 Acetic acid L-aspartic acid
Tween 80 Cis-aconitic acid L-glutamic acid
N-acetyl-D-galactosamine Citric acid Glycyl-L-aspartic acid
N-acetyl-D-glucosamine Formic acid Glycyl-L-glutamic acid
Adonitol D-galactonic acid lactone L-histidine
L-arabinose D-galacturonic acid Hydroxy L-proline
D-arabitol D-gluconic acid L-leucine

Cellobiose D-glucosamine L-ornithine

I-ethritol D-glucoronic L-phenylalanine
D-fructose Alpha-hydroxy butyric acid L-proline

L-fructose Beta-hydroxy butyric acid L-pyroglutamic acid
D-galactose Gamma-hydroxy butyric acid D-serine

Gentibiose P-hydroxy phenylacetic acid L-serine
Alpha-D-glucose Itaconic acid L-threonine
M-inositol Alpha-keto butyric acid D, L-camitine
Alpha-D-lactose Alpha-keto glutaric acid Gamma-amino butyric acid
Lactulose Alpha-keto valeric acid Urocanic acid
Maltose D, L-lactic acid Inosine

D-mannitol Malonic acid Uridine

D-mannose Propionic acid Thymidine
D-melibiose Quinic acid Phenyl ethylamine
Beta-methyl D-glucosidise D-saccharic acid Putrescine

D-psicose Sebacic acid 2-amino ethanol
D-raffinose Succinic acid 2, 3-butanediol
L-thamnose Bromo succinic acid Glycerol

D-sorbitol Succinamic acid D, L-alpha-glycerol phosphate
Sucrose Glucoronamide Glucose-1-phosphate
D-trehalose Alaninamide Glucose-6-phosphate
Turanose D-alanine
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Table B2. Carbon sources used in BIOLOG GP microtitre plates

Carbon source Carbon source Carbon source

Alpha cyclodextrin Beta-methyl D-galactoside Methy! pyruvate

Beta cyclodextrin 3-methyl glucose Mono-methyl succinate
Dextrin Alpha-methyl D-glucoside Propionic acid

Glycogen Beta-methy! D-glucoside Pyruvic acid

Inulin Alpha-methyl D-mannoside Succinamic acid

Mannan Palailnose Succinic acid

Tween 40 D-psicose N-acetyl L-glutamic acid
Tween 80 D-raffinose Alaninamide
N-acetyl-D-galactosamine L-mammose D-alanine
N-acetyl-D-mannosamine D-ribose L-alanine

Amygdalin Salicin L-alanyl-glycine
L-arabinose Sedoheptulosan L-asparagine

D-arabitol D-sorbitol L-glutamic acid

Arbutin Stachylose Glycyl-L-glutamic acid
Cellobiose Sucrose L-pyroglutamic acid
D-fructose D-lagatose L-scrine

L-fructose D-trchalose Putrescine

D-galactose Turanose 2, 3-butanediol
D-galacturonic acid Xjylitol Glycerol

Gentibiose D-xylose Adenosine

D-gluconic acid Acetic acid 2-deoxy adenosine
Alpha-D-glucose Alpha-hydroxy butyric acid Inosine

M-inositol Beta-hydroxy butyric acid Thymidine
Alpha-D-lactose Gamma-hydroxy butyric acid Uridine

Lactulose P-hydroxy phenylacetic acid Adenosine-5’-monophosphate
Maltose Alpha-keto glutaric acid Thymidine-5’-monophosphate
Mallotriose Alpha-keto valeric acid Uridine-5’-monophosphate
D-mannitol Lactamide Fructose-6-phosphate
D-mannose D-lactic acid methy] ester Glucose-1-phosphate
D-melezitose L-lactic acid Glucose-6-phosphate
D-melibiose D-malic acid D, L-alpha-glycerol phosphate
Alpha-methyl D-galactoside L-malic acid
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APPENDIX C

Table C1. Potential denitrification rate in a heathland soil that has received seven years of

N treatments (= SEM). Values are not significantly different.

Treatment Potential denitrification
(ug N g’ soil dwt h")

Control (0 g N m?y?) 4.67 (£ 1.26)

4N (4gNm?y) 5.18 (+ 0.52)

8N (8gNm?y") 5.79 (£ 0.72)

12N (12 g Nm?y") 6.60 (+ 0.61)
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