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Introduction


Sudden Oak Death (SOD), defined by COMTF scientists as the decline and death of trees caused by the fungal pathogen Phytophthora ramorum, is widespread across the coastal forests of northern California. The pathogen has now been found in over 40 species of California plants and in nursery plants around the US. While the current research is focused on the genetics, transmission, and epidemiology of the Phytophthora ramorum (P. r.) pathogen, information on the ecology related to SOD is sorely lacking. From an ecosystem perspective the partial or complete death of a tree indicates not only a dysfunction or disease affecting that organism, it signifies, as well, a change or shift in the composition and metabolism of the whole forest ecosystem
. In the case of SOD, such an approach seems especially pertinent given that the Lead PI (Dr. Lee Klinger) and others
 have observed that most of the trees dying in SOD-affected forests show no visible expression of the P. r. pathogen. The presence of secondary pests like Ambrosia beetles in SOD-affected forests raises the possibility that P. r., too, may be secondary, that there are other agents acting to weaken the trees and increase susceptibility to fungal attack. Clearly, any credible information which implicates factors other than P. r. in SOD must be carefully investigated. This paper investigates the regional patterns in soils and precipitation chemistry data from California as related to the role of systemic acidification in SOD. 

Background/Problem Statement


While the SOD pathogen ranges across the coastal forests of Northern California, its expression follows a general pattern whereby cankers occur mainly at the base of the older canopy trees in mixed-oak forests in moist valleys and on hillsides, especially where fog is frequent. Affected trees tend to occur in forests greater than 100 years old and with a heavy cover of mosses
. The entire region has been under strict fire control for more than 50 years. Increasingly strongly acidic soils have been noted in Sonoma, Marin, Mendocino, and Lake Counties
. A coastal to inland gradient of increasing precipitation pH, as has been observed elsewhere along the north Pacific coast
, is also apparent here in northern California
. The decline patterns and environment of this region are comparable to those of many other forests around the world affected by decline
. 


Successional studies have shown that as forests mature and age the vegetation takes on more evergreen forms, the mosses and lichens increase in abundance, and the surface soils become more acidic
.  This acidification is due, in part, to the buildup of plant organic matter which, upon decomposition, releases organic acids that acidify and leach the soils. Older forests that escape burning or otherwise go undisturbed for several generations will eventually show symptoms of decline (e.g., top dieback, reduced radial growth, fine root mortality). This decline is often, though not always, accompanied by attacks of pathogenic fungi and/or insects. Surface soils in declining forests are typically found to be moderately (pH 5.5 - 6.5) to strongly (pH < 5.5) acidic, depleted in base cations
, and enriched in soluble Fe and Al
.


In recent years studies focusing on the role of mosses in forest decline have reported a significant relationship between the presence of ground-dwelling mosses and the mortality of fine roots and mycorrhizae in the soils beneath
. These field studies also found decreased radial growth of trees to be closely related to the amount of moss cover in the plots.  Phytotron studies at the National Center for Atmospheric Research (Boulder, CO) have confirmed that mosses are solely responsible for fine root mortality and the decline and death of trees under controlled laboratory conditions (Figure 1). Thus, mosses clearly must be considered and studied if they are present in areas of tree decline. Furthermore, the tests for pathogenicity of P. r. must include controls for mosses before any claims can be made that P. r. is the ultimate cause of SOD.


Scientists studying forest decline often observe that mortality of feeder roots and mycorrhizae occurs prior to the onset of aboveground symptoms
. Fine root mortality in areas of forest decline is closely tied to soil acidification
, especially where calcium levels are low
. Soluble aluminum concentrations are reported to be high in organic soil horizons and in the soil water of declining forests
.  Fine roots in declining trees are found to contain significantly more Al than the fine roots in healthy trees
. Controlled laboratory experiments show a significant inverse correlation between soil Al and the live root biomass of oaks
. In mycorrhizal fungi, strong acidification and high concentrations of soluble Al in soil water are observed to repress the growth of several species
. It is important to note that these soil conditions have been documented in declining oak forests elsewhere in the US
. In summary, the evidence indicates that organic acids released by mosses and other cryptogams chelate and mobilize heavy metals (especially Al) in surface soils to toxic levels
, thus killing fine roots and mycorrhizal fungi, interfering with the Ca and Mg uptake and transport
, and slowing the cambial growth of trees
.  


The acids produced by mosses are also notorious for their ability to accelerate the weathering of substrates, including bark and rock. This raises the additional question of whether the thick moss cover on the trunks and branches of SOD-infected trees is degrading the protective bark layer and creating points of entry for P. r. and other pathogens into the stem.



Not surprisingly, success in treating forest decline has been widely achieved using methods such as liming and burning which ameliorate soil acidity. Burning and liming produce similar results as they both reduce the acidity and raise the base cation concentration in the surface soils
. These practices also lower the source of organic acids through the reduction of moss cover. The large volume of studies on liming practices in declining forests indicate that liming clearly improves the health of trees
, improves root and mycorrhizae growth
, improves soil fertility
, reduces levels of toxic metals in soils
, and reduces moss cover
.

Methods

Between February 2000 and December 2004 126 surface soil samples were collected near trees affected by Phytophthora canker disease and/or other symptoms of decline from variety of locations in California. Samples were collected from the around the drip lines of trees affected by sudden oak death .  Samples were taken at a depth of 12-24” using a soil probe. At least 6-12 samples were taken per site and mixed into one well mixed sample. Chemical analyses were performed on each soil sample by A & L Western Agricultural Laboratories (Modesto, CA).  The precipitation chemistry values used in this study were obtained from the NADP California region data sets
 and from McColl (1980) (see ref. 6).

Results and Interpretation

In order to determine whether the soil data used here are prone to errors, all variables were cross correlated and the results compared to correlations expected for error-free data. Table 1 shows the Spearman rank correlation coefficients for the soil chemistry variables. The strong intercorrelations involving, pH, Ca, Na, K, CEC, organic matter, and soluble salts together indicate that these data are sensible and therefore free of any gross errors in chemistry.

Table 2 lists the means, standard deviations, and sample sizes for 17 soil chemistry variables.  These results indicate that soils near SOD-affected trees are low in pH and Ca and very high in soluble Al and Fe, results that would be expected according to the systemic acidification theory.  

Soil pH values as a function of distance from the coast are plotted Figures 1a & 1b.  The trends are evaluated using two measures: a) distance to the coast following latitude and b) minimum distance to the coast.  Both measures reveal a strong coastal pH gradient with the lower soil pHs found nearer the coast. Strong coastal gradients are also apparent in Ca (Figures 2a & 2b), which is lowest near the coast, and in Al (Figures 3a & 3b), which is highest near the coast. Along with the soil pH data, precipitation pH results from ref. 6 are plotted in Figures 1a & 1b, revealing that precipitation also exhibits a coastal gradient in pH similar to that found in Alaska and elsewhere
.  Again these findings are to be expected with systemic acidification.  

The low levels of Ca, and Na (Figures 4a & 4b), near the coast are inconsistent with what would be expected from the elevated inputs of sea salt expected near the coast. Indeed, inputs of sea salt ions Na and Cl from precipitation are shown to be significantly elevated near the coast (Figure 5). Thus, additional loss mechanisms for Ca and Na must be present in order to account for these gradients. The enhanced acidity near the coast brought about by greater moss cover and other sources of systemic acidification is a likely way to explain these results.

As an interesting aside, all of these variables exhibit a gradient that is best described by power functions (equations are given in the respective figures).  Power functions are commonly used to describe systems that are fractal, or self-similar, and are indicative of criticality in complex dynamic systems
.  The implication here is that the ecological and atmospheric systems in this region are behaving according to the principles of systems theory, which is the conceptual basis for systemic acidification
.

Temporal trends in precipitation chemistry data were examined for Hopland, the only NADP site within the region affected by SOD.  The annual mean pH of precipitation at Hopland for the period 1980 to 2001 (22 years) are plotted in Figure 6.  This time series shows a significant decrease in pH, indicating that atmospheric input of acidity in the region of SOD is increasing.  The sources for this acidity, however, are not clear. The usual candidates for acid precipitation, NO3 and SO4 from emissions, cannot explain the decline in pH over time.  NO3 levels in precipitation at Hopland show no trend
 and the SO4 levels in precipitation show a significant decrease (Figure 7) over the same time period.  Thus, the most likely sources of acidity here are organic acids derived from oxidation products of biogenic volatile compound emissions from forest and marine ecosystems.  Why these emission would be increasing over the past few decades is not yet clear.
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		Table 1. Spearman rank correlation coefficients comparing the chemical properties of California soils

						Distance																								Organic						Soluble

				pH		Inland		Al		Ca		B		CEC		Cu		Fe		K		Mg		Mn		Na		NO3-N		Matter		P		SO4-S		Salts

		Distance		0.3033

		Inland		n=126

		Al		-0.6846		-0.3552

				n= 39		n= 39																												p≤.001

		Ca		0.5631		0.3302		-0.5257																										p≤.01

				n=126		n=126		n= 39

																																		p≤.05

		B		0.3167		0.2139		-0.3741		0.4557

				n=109		n=109		n= 23		n=109

		CEC		0.274		0.2576		-0.0514		0.8845		0.3926

				n=110		n=110		n= 23		n=110		n=109

		Cu		0.2426		0.1534		-0.4883		0.3506		0.2773		0.3706

				n=113		n=113		n= 27		n=113		n=109		n=109

		Fe		-0.3418		-0.1273		0.0608		-0.0087		-0.0059		0.0693		0.1323

				n=113		n=113		n= 27		n=113		n=109		n=109		n=113

		K		0.124		0.0706		-0.3643		0.3486		0.3814		0.2703		-0.1402		-0.0897

				n=114		n=114		n= 27		n=114		n=109		n=110		n=113		n=113

		Mg		0.2279		0.1725		0.138		0.5481		0.2273		0.7809		0.3513		0.081		0.086

				n=114		n=114		n= 27		n=114		n=109		n=110		n=113		n=113		n=114

		Mn		-0.0525		-0.0394		-0.2053		0.0594		0.2004		0.0212		-0.2691		-0.0415		0.3438		0.0039

				n=113		n=113		n= 27		n=113		n=109		n=109		n=113		n=113		n=113		n=113

		Na		0.2334		0.2335		-0.0512		0.4757		0.4018		0.6087		0.2734		0.0325		0.283		0.5984		-0.0236

				n=114		n=114		n= 27		n=114		n=109		n=110		n=113		n=113		n=114		n=114		n=113

		NO3-N		0.1491		0.067		-0.4999		0.2429		0.2458		0.1499		0.0982		0.0344		0.247		-0.0861		0.1213		0.1014

				n=110		n=110		n= 23		n=110		n=109		n=110		n=109		n=109		n=110		n=110		n=109		n=110

		Organic		0.0245		-0.0417		-0.2642		0.3887		0.2284		0.3319		0.0994		0.1361		0.337		0.1513		0.234		-0.0007		-0.0721

		Matter		n=110		n=110		n= 23		n=110		n=109		n=110		n=109		n=109		n=110		n=110		n=109		n=110		n=110

		P		0.2524		0.1628		-0.7795		0.3057		0.2729		0.1514		0.3377		0.0023		0.2933		-0.1392		-0.141		0.2018		0.4183		-0.0325

				n=110		n=110		n= 23		n=110		n=109		n=110		n=109		n=109		n=110		n=110		n=109		n=110		n=110		n=110

		SO4-S		0.0708		0.1155		-0.0309		0.1894		0.2142		0.1961		0.1364		-0.0711		0.0884		0.0545		0.1006		0.4491		0.2967		-0.0575		0.2629

				n=110		n=110		n= 23		n=110		n=109		n=110		n=109		n=109		n=110		n=110		n=109		n=110		n=110		n=110		n=110

		Soluble		0.2032		0.135		-0.2967		0.389		0.4692		0.3621		0.2499		-0.0062		0.2248		0.1511		0.1111		0.5393		0.4777		-0.0082		0.4337		0.5403

		Salts		n=110		n=110		n= 23		n=110		n=109		n=110		n=109		n=109		n=110		n=110		n=109		n=110		n=110		n=110		n=110		n=110

		Zn		0.0748		0.0251		-0.5311		0.1949		0.2033		0.0774		0.3957		0.1707		0.0885		-0.0867		-0.1466		0.1216		0.3204		0.1895		0.6219		0.117		0.3046

				n=113		n=113		n= 27		n=113		n=109		n=109		n=113		n=113		n=113		n=113		n=113		n=113		n=109		n=109		n=109		n=109		n=109






