Summary

Acidification of decidious forests on sandy soils
and their restoration through the addition of rock
powder

Introduction /Background of the study

In the Dutch Pleistocene sand landscape, both soil acidification and eutrophication have occurred
due to atmospheric deposition of nitrogen (N) and, previously, sulphur (S) compounds. This has led
to a strong decrease in the characteristic nutrient-poor and (very) lightly buffered habitat types of
the dry and wet sand landscape. The progressive soil acidification (= decrease in buffer capacity)
implies that cations such as calcium (Ca), potassium (K) and magnesium (Mg) are being flushed
out, and the availability of aluminium (Al) has been increased. Furthermore, the decomposition of
organic material is inhibited, as well as nitrification in many cases. In addition, the excess of
nitrogen has disturbed the mineral balance of the vegetation systems on sandy soils. Considering
the size of the affected area, it is important to conduct research into possible measures to reduce
the acidification and to reverse the degradation without any undesired side-effects.

The summarized study described here included: (i) a literature study into the role of soil
acidification and N-excess in the degradation of dry deciduous forests (including oak mortality) on
poor sandy soil, (ii) a field study of trends in soil acidification in recent decades and (iii) the testing
of a restorative management practice, namely the addition of rock powder as "slow release
fertilizer". This involves an assessment of impacts on tree vitality, forest undergrowth, fungus and
insect damage and fauna in connection with soil (solution) chemistry and foliar chemistry.

The role of soil acidification and excess nitrogen in the degradation of
dry deciduous forests

The results of the literature study on the factors that play a role in oak mortality indicate a
significant role of nitrogen deposition. Increased nitrogen deposition is a major cause of ongoing
soil acidification, which leads to a decreasing availability of calcium, magnesium and potassium and
an imbalance of those nutrients with respect to nitrogen. In addition, the aluminium concentration
increases under very acidic conditions. This then leads to effects on the nutritional status of the
forest, the root system and attacks by diseases and pests, which interact and influence the vitality
and growth of trees. Climate change almost certainly plays a reinforcing role. It leads to an earlier
start of the growing season, implying that late spring frost occurs more frequently and climate
extremes, leading to both too dry and too wet circumstances, occur more frequently. In addition,
the sharp increase in drainage in the sandy landscape reduced the groundwater levels in many
(previously) moist forests in the winter and spring period, resulting in a decrease in water
availability. Although ozone peaks, in combination with a high phytotoxic ozone dose (POD), have a
negative effect on the growth and vitality of forests, their effect in the field situation in the
Netherland is likely limited.
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Figure 1: Schematic overview of the effects of N-deposition in forests, applied to the vitality of oak.

Hoge N depositie (en depositie S) = High N deposition (and deposition S) / Toename N beschikbaarheid bodem
= Increase N availability soil / Meer NH4 in bodem = More NH4 in soil / Bodemverzuring — toename Al -
afname basische kationen (Ca, K, Mg) - Geremde nitrificatie — strooiselophoping = Soil acidification - increase
Al — Decrease base cations (Ca, K, Mg) - Nitrification inhibition - Litter accummulation / Toename groei
vegetatie = increase growth vegetation / Lagere opname nutrienten — Toename ratio N-overige ionen
(nutrientenonbalans) = Reduced absorption nutrients — Increase ration N-other ions (nutrient imbalance) /
Wortelschade - Hogere spruit/wortel verhouding - aantasting ectomycorrhiza = Root damage - Higher
shoot/root ratio — Adverse effect on mycorrhiza / P tekort = P deficit / Hogere kans herbivorie = Higher risk of
herbivory / Hogere N concentratie in blad = Higher N concentration in leaves / Problemen eiwitsynthese
(ophoping non-protein N) = Problems protein synthesis (accummulation non-protein N) / Toename gevoeligheid
droogtestress — Meer kans windfall = Increase sensitivity aridity stress — Higher risk fall wind / Insectenplagen
= Insect plagues / Vermesting bosvegetatie, nitraatuitspoeling = Eutrophication forest vegetation, leaching of
nitrate / Afname voedsel kwaliteit = Decrease food quality / Werkt door naar hogere trofische niveaus =
Subsequent effect on higher trophic levels

Afname vitaliteit eik — Verhoogde gevoeligheid voor pathogene micro-organismen en insectenplagen =
Decrease vitality oak — Increased sensitivity for pathogenic micro-organisms and insect plagues

Trends in soil acidification in the period 1990-2015

The results of a re-sampling of oak stands in 2015, compared to measurements in 1990 and 1995,
show that in 2015 the base saturation in the upper 30 cm almost always dropped below 10%, while
in 1990 there were still several soil with a significantly higher base saturation. This implies that
despite the decreasing acidifying deposition, the base weathering is not able to completely
neutralize this input, as a result of which the exchangeable base cation pools still decreased.
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The current deposition on all soils with relatively low weathering, including all sandy soils and loess
soils, will almost certainly lead to a decrease in base saturation to approximately 5-10%, below
which no further base mobilization will take place. Considering this acid input, no natural recovery
of these forests can be expected.
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Figure 2: Conceptual model for the interactions between significant abiotic and biotic factors in the
occurrence of oak mortality in Central Europe at acidic sites (pH (H20) <4.2). The most significant
factors are given by bold lines. The size of the arrows symbolizes the meaning of the interaction (Thomas
et al., 2002).

Figure 3: Examples of a vital pedunculate oak (left), and affected pedunculate oak (left, center) and a
dead pedunculate oak (right, center) near Vught (summer 2014) and black spots due to damage caused
by the oak beetle (First three photos R. Bobbink; last photo A. Oosterbaan).

Research locations and rock powder experiments

To increase the buffer capacity of forest soils, experiments were set up in the period November
2015 - March 2016 in which rock powder was added to soils to check whether the health of forests
has recovered. The experiments were carried out at two locations: one in the southern sandy area
(Mastbos near Breda) and one in the central sandy area (National Park "de Hoge Veluwe"). The
density of the oak is lower at "de Hoge Veluwe" than at Mastbos and the canopy roof is more open,
which may (partly) have been caused by a greater mortality of the oak in the recent past.
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The average thickness growth in the Hoge Veluwe is not substantially different than in Mastbos,
despite the somewhat less favourable soil fertility. The open upstand structure of the oaks at the
Hoge Veluwe probably plays a role in this.

Test sites of 30 x 30 m were set up at both locations, using the following treatments: untreated
(control), rock powder A (Eifelgold) and rock powder B (Lurgi, brand name Soilfeed). The choice
was made for Mg and K rich rock powders, which were added to the soil in March 2016. For ach
treatment, there were three random repetitions ("replicas"), both in Mastbos and de Hoge Veluwe,
to allow statistically justified interpretations. Effect measurements were performed in the first three
growing seasons after addition, including the vitality and growth of the summer oaks, the foliar
chemistry and chemistry of the soil (two depths). In addition, attention was paid to effects on
caterpillars and soil ecology.

Figure 5: Manual addition of the rock powder at the Hoge Veluwe-site
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Measurements
The measurements conducted in the experiment are shown in the table below.

Table 1: Conducted measurements in the experiment

Opname 2016 2017 2018

Tree count, height and diameter (DBH) May! May May

Vitality and deterioration insects and fungi May May/ September May/ September

Humus profile and undergrowth September September

Soil chemistry February (0)? January (1) January (2)/December
(3)

Leaf chemistry August (1) August (2) September (3)

Soil ecology October/November?

Chlorophyll measurement May

1 height was only measured in May 2016, as the height growth cannot be accurately determined from the ground up

2 Prior to applying rock powder in March 2016. The value 0 refers to the 0-measurement concept. The values 1, 2 and 3 next to the leaf and soil
chemistry indicate the measurement year in which the results were determined.

3 Metal pins were placed in the ground in April 2018 to measure the ingrowth of mycorrhiza fungi. These were collected around the end of

October/beginning of November.

As changes in the soil in general and the disintegration of rock powder in particular are slow
processes, the effects on the soil ecology will likely not be measurable until after 3-5 years. Which
is why the effects on (mycorrhiza) molds, bacteria, soil-mesofauna, earthworms, woodlice,
millipedes and the nitrogen mineralization where not examined until after three growth seasons
had passed. The slow effect of rock powder renders it of crucial importance to maintain this
experiment in the long-term.

Effects of rock powder addition on forest vitality, growth and butterfly
populations

Results of the effects of the rock powder experiments on forest vitality and growth and butterfly
populations at the two forest locations (often Hoge Veluwe National Park and Mastbos) show the
following:

e Although differences in leaf occupation and diameter growth were observed between
treatments, they were not significant. Temporary increases in defoliation have been observed in
both forest areas, independent of the rock powder treatments. This was most evident in May
2017 because of the small winter butterfly. In the autumn of 2018, there was an increases in
defoliation due to drought, particularly at the Hoge Veluwe.

e Previous research has shown that poor assimilation of proteins (and amino acids) is the main
reason why caterpillars of butterflies cannot develop on summer oaks. Chlorophyll
measurements and caterpillar feeding data indicate that there are no problems with the amino
acid synthesis in Mastbos, but in the Hoge Veluwe national park there are. There are higher
levels of chlorophyll that are correlated with a much lower caterpillar score. The treatment with
rock powder has not caused major changes during the short duration of the experiment,
although the caterpillar score did increase in the Hoge Veluwe national park compared to the
untreated control. This is a signal that the nutritional value of the oak leaf has improved in the
test areas where rock powder has been applied.
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Figure 6: Caterpillar of the small winter butterfly (left), an example of an attack (middle) in May 2017 at the
Mastbos site and the same tree as in the middle in August 2017, recovered from defoliation (right).

Effects of rock powder addition on soil chemistry and leaf chemistry

e Despite the relatively short duration of rock powder addition experiment, positive effects on soil
chemistry were measured, mainly in the upper 20 cm of the soil (litter and mineral soil). In this
layer the adsorption complex was recharged with base cations, leading to a higher base
saturation and an increased availability of base cations. These changes were accompanied with
a very small pH increase only.

e An increase in base cation concentrations was also measured in the leaves, particularly after 3
years. For example, there was a significant increase in the potassium content in oak leaves at
both locations and for both rock powders. Calcium was significantly higher after treatment with
Lurgi in the Hoge Veluwe National Park and magnesium after treatment with Eifelgold in the
Mastbos. In addition, the N content in the leaf in the plots treated with rock powder decreased!
Furthermore, in the Hoge Veluwe, with a severe P deficiency, an increase in P content was
observed after addition of Eifelgold. In the plots treated with Lurgi, however, the Mg and P
content in the leaves decreased, especially in the Mastbos. There is, however, no Mg or P
deficiency in this forest.

Both with respect to soil chemistry and foliar chemistry, the differences between treatments were
best visible in the third year. As with experiments in dry and wet heath, it seems to take a few
years before the effects of the rock powder were measured. In addition, the rock powder appeared
to cause a larger increase in base cation pool in plots in the Hoge Veluwe compared to those in
Mastbos. The weathering of the rock powder may be faster in the Veluwe than in the Mastbos.

Sampling and soil chemistry determination

The start situation in terms of soil chemistry was determined after measuring out and marking off
the plots. This involved taking a mixed sample consisting of three sample borings using an
Edelman soil drill, in which the 0-20 cm soil layer and the 20-40 cm soil layer were collected
separately. The 0-20 cm soil sample consisted of litter and the mineral soil layer below that (figure
7). Leaves were removed prior to sampling. New soil samples were collected again in January of
2017 and 2018, almost 1 and 2 years (“effect year 1 and 2") later, respectively. The third and last
measurement occurred in December 2018. The soil samples were subsequently processed in the
laboratory of B-WARE.

Acidification of decidious forests on sandy soils and their restoration
through the addition of rock powder 6



Figure 7: Example of a soil sample for the soil-chemistry measurements. The 0-20 cm top-soil (marked
green) was sampled, mixed and analysed.

The results of the soil chemistry measurements are shown in table 2 below. The samples were
collected in the winter, as this is when the soil is most stable. Large amounts of nutrients can
become available as leaves fall and this will temporarily highly influence the soil chemistry.

Table 2: Measurements of soil chemistry

Measurement Analyses
Zero measurement Organic matter (Loss on ignition: LOI)
(24-2-2016) Salt extraction (0.2M NacCl): Al, Ca, K, Mg, NOs, NH4, pH

Purified water extraction: PO4 and pH
Strontium extraction for determination CEC and exchangeable cations NH4, Al, Ca, K,
Mg, H (base saturation)

Effect measurement 1 Organic matter (Loss on ignition: LOI)
(Jan 2017) and 3 (Dec Salt extraction (0.2M NaCl): Al, Ca, K, Mg, NOs, NH4, pH
2018) Purified water extraction: PO4 and pH

Strontium extraction for determination CEC and exchangeable cations NH4, Al, Ca, K,
Mg, H (base saturation)

Effect measurement 2 Organic matter (Loss on ignition: LOI)

(Jan 2018) Salt extraction (0.2M NaCl): Al, Ca, K, Mg, NOs3, NH4, pH
Purified water extraction: PO4 and pH

Table 3 shows the Cation Exchange Capacity (CEC), the concentration of exchangeable base
cations (Ca, K and Mg) and Al and the subsequently calculated base saturation at the start of the
experiment (zero measurement). It also shows the organic matter content, which virtually
completely determines the CEC of sandy soils, and the pH, which is an important acidification
indicator together with the base saturation value.

The zero measurement provides information concerning the variations and situations of the plots
prior to the experiment. This is important in order to determine the extent to which any differences
that are found were already in place at the start of the experiment and/or were caused by the
experimental treatments. The soil in the Mastbos is somewhat richer in organic matter compared to
the Veluwe (0-20 cm soil layer 9.89 % in the Mastbos compared to 7.46 % in the Veluwe). This is
also evident from the CEC, which is higher in the Mastbos compared to the Veluwe.
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Table 3: Mean organic matter content, Cation Exchange Capacity (CEC), concentrations of exchangeable
base cations (Ca, K and Mg), base saturation, pH-NaCl and concentration of available aluminium
(measured with 0,2M NaCl-extraction) at the start of the experiment (pre-treatment). Standard error
between brackets.

Location Organic CEC Exchangeable Exchangeable Base pH-NacCl
matter bases Al saturation?
(%) meq/kg meq/kg meq/kg (%)
Mastbos 9.89 (0.57) 55.9 (2.3) 9.0 (0.6) 25.5 (2.7) 19.9 (0.8) 2.94 (0.015)
0-20 cm
Mastbos 7.99 (0.65) 47.2 (2.0) 4.6 (0.1) 33.2 (2.7) 10.2 (0.3) 3.13 (0.023)
20-40 cm
Veluwe 7.46 (0.65) 43.5 (1.8) 7.8 (0.4) 19.0 (1.6) 22.7 (0.8) 3.21 (0.037)
0-20 cm
Veluwe 5.46 (0.40) 33.0 (1.0) 4.0 (0.1) 25.7 (1.7) 11.6 (0.3) 3.76 (0.049)
20-40 cm

1 The base saturation has been calculated as (exchangeable bases/CEC) x 100

Figure 8:
Schematic
representation
showing the
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nutrient
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plant productivity
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ecosystems. Plant
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wide range of
bacteria and fungi
(1) making
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Inorganic
nutrients
available for

uptake by
mycorrhizal fungi
M (2) and plant
immobilization roots or
immobilizing

nutrients into microbial biomass and recalcitrant organic matter (4). Mycorrhizal fungi have also access to
organic nutrients and deliver these nutrients to their host plants (3). Nutrients can also be lost from soil caused
by denitrification of ammonium into di-nitrogen gas or nitrogen oxides by denitrifying bacteria (5) or when
nitrifying bacteria facilitate nitrogen leaching by transforming ammonium into nitrate (6), which is much more
mobile in soil. Nitrogen fixing bacteria transform nitrogen gas into ammonium (7), thereby making it available
to plants, enhancing plant productivity. Finally, microbial pathogens attack plants and can reduce plant
productivity (Van der Heijden et al., 2008).
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Effects of rock powder addition on soil ecology

The addition of rock powder did not yet have a significant effect on the (i) numbers of springtails
and piss beds, (ii) fungal and bacterial biomass and on fungal / bacterial ratio, (iii) the amount of
ectomycorrhiza fungi, (iv) the percentage of ectomycorrhiza-rooted roots , and (v) potential N
mineralization. However, the addition of rock powder has led to a significant (i) increase in
earthworms (both at Mastbos and Hoge Veluwe) and a decrease in million legs (Mastbos), (ii) an
increase in the amount of fine roots, but without an increase in ectomycorrhiza (iii) a decrease in
the percentage NH4 of the mineralized N (% NH4) and (iv) increase in the potential mineralizable
N. The increase in mineralizable N indicates more readily degradable organic matter and better
conditions for soil life, especially bacteria and earthworms. This increase can be related to the
increase in fine roots. The increase in the amount of fine roots is favourable because it promotes
absorption and therefore reduces leaching, while the potential N mineralization is not increased.
Whether nitrification has been increased has not yet been clearly determined. If this is the case,
this means that there is more risk of nitrate leaching accompanied with bases and aluminium
(acidification). The mycorrhiza occupation was extremely low at both locations. That is not a
healthy situation for a forest floor.
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Figure 9: Soil Food Web (Ron de Goede, WUR, from Rutgers et al., 2018).

The soil food web (Figure 9 above) plays an essential role in the degradation of organic matter and
facilitating the availability of nutrients. The smallest and most numerous organisms are bacteria,
with a size of approx. one micrometer (1/1000 mm). They can be found virtually everywhere. They
can absorb nutrients with extreme efficiency thanks to their small size. Bacteria and fungi account
for the lion’s share of all of the conversions. As the soil is highly heterogenous, there are countless
gradients and micro niches, as a result of which the biodiversity can expand to huge proportions.
Some bacteria can develop quickly and can therefore respond quickly to changes in the
circumstances and the availability of food. Most bacteria mainly decompose easily degradable
organic matter. Bacteria develop less quickly in acidic and nutrient-poor soils. Fungi form threads
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(hyphae) merely a few micrometers thick, but with a length up to a few meters. These threads
enable fungi to acquire food and water from various spots. And so they are better equipped to
survive more arid and nutrient-poor circumstances. They can also withstand acidic soils better than
bacteria. The growth of bacteria declines as the pH declines. Conversely, Rousk et al. (2009)
observed a strong increase in the speed with which fungi developed as the pH decreased from 7 to
4. However, the growth of fungi was strongly inhibited by a pH below 4. Whether this is caused by
the pH alone cannot be determined, as such circumstances always go hand in hand with changes to
the availability of toxic metals, such as aluminum, and the availability of organic matter. Fungi play
an important role in the decomposition of organic matter that does not degrade easily, such as
lignin. Both mycorrhiza fungi as well as fungi that live independently are an important source of
food for soil fauna.

Two routes are distinguished in the soil food web for the carbon- and nutrient flows, one through
fungi, fungivores and predators, the other through bacteria, bacterivores and predators. As
fungivore nematodes, micro-arthropods and, to a lesser degree, white worms are of secondary
importance in a quantitative sense, it appears that bacteria and fungi in particular make up the
most important N sink in the soil food web (Kemmers, 2012). The influence of fungi decreases as
the circumstances become less acidic and bacteria take over the decomposition and N
mineralization. Protozoa and nematodes graze on bacteria. As earthworms dig through the soil,
bacteria and protozoa are inoculated via the gastrointestinal tract in micro-habitats in the soil.
These microbes then expand and incorporate more N in their biomass. And so the N transfer
appears to mainly take place via bacteria, protozoa and worms under base-rich circumstances, in
which earthworms form an important N sink and the degradation of litter occurs relatively quickly if
the (gross) level of mineralization is high. Kemmers (2012) observed that acidification leads to a
shift in the nitrogen balance towards more net N-mineralization at the expense of N-immobilization
and it is assumed in that study that stimulation of both fungi as well as bacteria will result in a
higher N fixation by soil life.
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Figure 10: Sampling of the soil macro fauna

In conclusion

The rock powder additions have led to a significant change in the base saturation. A comparison of
the supplied amount of bases (K, Ca and Mg) with Lurgi and Eifelgold and the increase in the
amount of exchangeable bases shows that approximately 10-40% of the total supply of these
bases is adsorbed in the soil, causing an increase in base saturation. This indicates a significant
weathering of rock powder, which is also apparent from the very sharp increase in silica
concentrations. The increase in base saturation has been accompanied by a very slight pH
increase. Furthermore, there are clear indications for a positive effect on the levels of K, Ca, and
Mg in leaves, which increased significantly in particular in the third year in both locations for both
rock powders (K), or in the plots areas treated with Lurgi in the Hoge Veluwe (Ca) or the plots in
the Mastbos (Mg) treated with Eifelgold. In addition, a significant decrease in N-content in the leaf
was measured in the test surfaces treated with Eifelgold (Mastbos) and with Lurgi treated test
surfaces (Mastbos and Hoge Veluwe). The addition of rock powder has also led to a significant
increase in earthworms and in the amount of fine roots, which is beneficial for nutritional
management. Although this research has mostly led to positive results in the short term, it is not
yet a proven recovery measure and additional research is needed to measure the effects in the
(medium) long term.

The key question in the study was whether the nutrient imbalance and vitality of affected common
oak stands are restored further to the application of a “slow release” mineral (rock powder) and
whether the negative influence on the food chain (butterfly larvae) and soil biodiversity can be
inhibited. The preliminary results are largely positive as of now, as summarized below.
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The results of the application of rock powder are largely positive

Restoration of the nutrients imbalance: The results show that rock powder can partially restore the
nutrient imbalance on dry sandy soils within a period of three year. The additions of rock powder
have led to a significant increase in the exchangeable concentration of Ca, K and Mg and with that,
the base saturation. This increase has gone hand in hand with a significant increase in the
concentrations of these elements for plants; Ca (Mastbos), K (national park de Hoge Veluwe) and
Mg (the plots treated with Eifelgold). There are furthermore clear indications of a positive effect on
the concentrations of Ca, K and Mg in leaves, with a significant increase particularly in the third
year. This was the case for both locations for both types of rock powder (K), in the plots treated
with Lurgi in national park de Hoge Veluwe (Ca) and the plots treated with Eifelgold in the Mastbos
(Mg). There is also a significant decrease in the N-content in leaves. The above has led to a
decrease in the presence of Ca and the P-deficiency and the restoration of the K-deficiency. The
imbalance with respect to nitrogen has also clearly improved. The only negative effect concerns the
significant decrease in Mg as a result of Lurgi, which has also been observed in heathlands. In
addition, no significant positive effect on the vitality could be observed.

Restoration of soil bio-diversity: The use of rock powder has also resulted in a significant increase
of the number of earthworms and the mass of fine roots, which is favorable to the food cycle. In
line with this and also a favorable effect concerns the fact that no increase of potential N-
mineralization was observed, nor did the concentrations of ammonium and nitrate available to
plants increase. This is likely partially a consequence of a merely very small pH-increase. The
nitrification in the litter layer does appear to increase, however, which may be an explanation for
the lower N-contents in the leaves. In addition, the application of rock powder, particularly Lurgi,
resulted in an increase of the scores for caterpillar damage in the Hoge Veluwe region.

Possible restoration of vitality: The pros of applying rock powder are initially an increase in the
supply of bases and an increase in the number of fine roots that help to absorb nutrients and water
and that protect against infections, improved conversion of litter and improved availability of
nutrients. This may lead to improved growth and vitality and a decrease in mortality. It is difficult
to estimate to which degree this can and will take place.

Action plan with respect to the option of the application of rock powder

Despite all of the positive effects relating to the application of rock powder, it is as yet not a
measure that is ripe for being used in actual practice. Should one consider applying this measure
anyway, then it is important to limit the application to a single stand (not complete forestry areas
as yet) and to monitor the effects. Moreover, there are a number of questions that must be
addressed prior to proceeding with the addition of rock powder, namely:

1 1Is there a specific reason for opting to make use of rock powder?

2 If so, which type would be the best option?

3 Which amount is then best applied?

Rapport nr. 2019/0BN229-D2Z:
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