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Summary

Over 10% of Kaweka Forest Park mountain beech forest (ą1500 ha of «14,000 ha,
Fuscospora cliffortioides) is in a state of natural canopy collapse. After sika began to
displace red deer in the 1950s, regeneration at open canopy sites was suppressed by
deer browsing (Wardle, 1979; Fleury, 1980; Jenkins, 1982; Hosking and Hutcheson,
1988; Allen and Allan, 1997; Husheer et al., 2006b; Duncan et al., 2006). Deer culling
by foot hunters was undertaken from 1958 up until 1988, when kill rates still exceeded
one deer per hunter day (mean 563 deer killed annually; Davidson and Fraser, 1991).
A trial of intensive deer culling in «11,000 ha of Kaweka F.P. commenced in Octo-
ber 1998 and ceased in November 2015 (mean 251 deer killed annually). Deer kill
rates were initially high (ą5 deer helicopter flying hour) resulting in the restoration
of regeneration, but declined after 2009 when culling excluded stags, effort halved
and was was undertaken in winter (June to November vs. September to January pre-
2009). Estimates of deer density from faecal pellets appear unreliable, but suggest that
densities have remained 5–20 deer km´2 in Kaweka and Kaimanawa F.P. for the past
five decades despite commercial, government-funded and recreational deer hunting.

Between 1998 and 2000, paired 10 m ˆ 10 m exclosure plots were established to
test if long-term deer culling could reduce browsing on seedlings, and restore moun-
tain beech regeneration at open canopy sites (Kaweka Mountain Beech Project KMB;
Husheer et al., 2006a). Encouraging recreational hunters had no measurable benefit
for seedling growth (Husheer and Robertson, 2005). Duncan et al. (2006) predicted
that if aerial culling were maintained for two decades, canopy regeneration would
occur. Deer culling intensity should have been maintained or increased, and ex-
tended to other areas in Kaweka and Kaimanawa F.P.s (Husheer et al., 2003). Instead,
deer culling effort was reduced in both extent and intensity and became less effec-
tive. Monitoring of paired 10 m ˆ 10 m exclosure plots in 2018 suggests that this
decline in culling was associated with declines in survival and densities of mountain
beech seedlings. Seedlings that survived outside fenced plots grew at half the rate
of seedlings inside fenced plots. The benefits of the investment in seedling regen-
eration made in the first decade of the KMB project were lost in the second decade
due to a failure of deer culling to reduce browsing by sika deer. Poor seedling re-
generation at monitored sites means that without the reinstatement of intensive deer
culling, canopy gaps will become more common and tall forest will be transformed
into shrubland. Deer also adversely affect kāmahi (Weinmannia racemosa), silver beech
(Lophozonia menziesii), red beech (Fuscospora fusca), black beech (Fuscospora solandri)
and alpine grassland vegetation in Kaweka and Kaimanawa Forest Parks (F.P.; Elder,
1956; Husheer et al., 2003).



Recommendations

1. Published and peer-reviewed research has shown that sika deer need to be
intensively culled for at least twenty years to allow mountain beech canopy re-
generation in Kaweka F.P. (Allen and Allan, 1997; Husheer et al., 2006b; Duncan
et al., 2006). From 2009, a criteria of ď20 faecal pellet groups per transect, and
a basal area of ą44 m2 ha´1 was used to justify cessation of aerial culling in
Kaweka Forest Park, with little scientific support (Herries, 2013; Mayo, 2016).
To assure regeneration of mountain beech, deer densities need to be lowered
as much as possible (ă5 deer km´2). Initially, ą5 deer km´2 year´1 need to be
culled from Kaweka F.P. mountain beech forests (ą700 deer year´1 in«140 km2).
If aerial culling is re-established, at least 140 hours a year of helicopter flying
will be required to sufficiently reduce deer densities (and maintain low densi-
ties thereafter) in mountain beech forest in Kaweka F.P. Project costs including
monitoring are likely to be in the vicinity of $200,000–$300,000 per annumn for
twenty years.

2. To ensure maximum benefit for conservation, DOC-funded aerial deer culling
should occur in association with possum culling. An OSPRI-funded aerial
1080 operation is planned for winter 2019. Although OSPRI plans to use deer-
repellent covered cereal baits, there will inevitably be an unknown proportion
of deer by-kill. Some aerial culling might be initiated prior to possum culling
to retrain staff, re-establish contracts and to gauge deer density (see section 5.1).
Immediately following possum culling, intensive aerial deer culling should be
undertaken from November 2019 until March 2020 aimed at reducing the deer
population to low levels (ă1 deer km´2).

3. The impacts of sika deer are not limited to mountain beech forest. Regeneration
in red beech, silver beech, and kāmahi forest is likely to be suppressed by
browsing. Succession of mānuka-kānuka forest into black beech forest in south-
east Kaweka F.P. is also likely to be affected by deer browsing. Culling of these
areas should also be undertaken.

4. Recreational deer hunters may kill ă700 deer year´1 («1 deer km´2 year´1)
in Kaweka F.P. («670 km2). This is probably sufficient to avoid high rates of
natural deer death in popular hunting areas, and increases in deer fecundity, size
and condition, but insufficient to have measurable forest conservation benefits.
The current policy of relying on recreational hunting for forest conservation
in Kaweka and Kaimanawa F.P.s should be reconsidered. Managers should
consider the future of recreational hunting areas in Kaweka and Kaimanawa
Forest Parks. If they remain, statutory requirements for five-yearly reporting
should be met.



5. Design a long-term vegetation monitoring system for Kaweka Forest Park in-
cluding all beech forest types (mountain, black, red and silver beech). Any
additional forest monitoring should build on existing long-term monitoring
where possible (Allen et al., 2003). Plots established on randomly located lines
between 1960 and 1980 in Aorangi, Tararua, Ruahine, Kaimanawa and Kaweka
Forest Parks would provide decades of comparative data.

6. Once a long-term monitoring system is designed, all fencing, pegs and markers
from existing plots and lines established between 1998 and 2013 should be
removed.

7. Deer faecal pellet monitoring has been relied upon to gauge relative abundance
in Kaweka F.P., but imprecision is apparent (Section 3.2). Potentially lower-cost,
more-precise deer density monitoring systems should be considered. Alterna-
tives such as demographic modelling (Tanentzap et al., 2009; Section 5.1) aerial
surveys using visible light cameras (Linchant et al., 2015), thermal imaging using
light aircraft (Haroldson et al., 2003), DNA analysis of faecal pellets (Goode et al.,
2014; Yamashiro et al., 2017), and trail-cameras (Jacobson et al., 1997; Dougherty
and Bowman, 2012), are under current development and might be considered
once proven. If variability in pellet detection, defecation, decay and definition
of what a pellet is are addressed, future development may make faecal pellet
counts more useful.
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1 Introduction

Red and sika deer (Cervus elaphus and Cervus nippon) have modified the composition of
temperate forest understoreys world-wide, both in their natural range and where they
have been introduced (e.g for reviews see Gill, 1992; Russell et al., 2001). New Zealand
studies have shown that deer can modify the species composition and abundance of
forest overstoreys (consisting of treesě2.5 cm dbh, diameter at breast height, Husheer
et al., 2003, 2005; Husheer, 2005; Husheer and Frampton, 2005; Duncan et al., 2006;
Wright et al., 2012). Responses of plant communities to this new form of herbivory are
still occurring (Holloway, 1950; Bellingham and Allan, 2003; Mason et al., 2010). These
responses are highly variable and idiosyncratic at a variety of temporal and spatial
scales (Wardle et al., 2002). Browsing by introduced deer might also have far-reaching
effects on nutrient cycling, water-quality, carbon storage (Tanentzap et al., 2011, 2012;
Holdaway et al., 2012) and bird populations (Leathwick et al., 1983).

Soon after colonisation of Kaimanawa Forest Park (F.P.) by sika deer, suppression
of canopy regeneration was reported (Elder, 1948, 1956; Schofield, 1957; Logan, 1957;
McKelvey, 1957, 1959; Husheer, 2003), whereas in Kaweka F.P. several concurrent re-
ports noted signs of successful canopy regeneration in beech forests in the absence of
sika deer (Elder, 1948, 1959; Wallis, 1967; Logan, 1968). From the late 1970s, concern for
widespread mountain beech regeneration failure in Kaweka F.P. grew following sika
deer colonisation (Fleury, 1979; Wardle, 1979; Jenkins, 1982; Apthorp, 1983). Red deer
do not appear to prevent beech regeneration in New Zealand (Husheer et al., 2006b),
but even at low densities deer browse mountain beech seedlings (Bellingham et al.,
2016). From the 1960s, a network of huts and tracks was established to aid ground-
based deer culling and recreational hunting to reduce deer numbers, but from the
1970s this had no notable benefit for mountain beech canopy regeneration (Allen and
Allan, 1997; Husheer et al., 2006a). Similar hut and track networks were established
in Aorangi, Tararua and Ruahine F.P.s to reduce conspicuous deer impacts in forests
and alpine grasslands (Cunningham, 1979; Barnett et al., 2012). With the intensifica-
tion of commercial helicopter deer recovery in the 1970s, deer populations declined
in Ruahine and Tararua F.P.s, but not to the same extent in Kaweka or Kaimanawa
F.P.s. In adjacent Kaimanawa F.P., deer also suppress forest regeneration, but culling
has not been implemented there and helicopter deer recovery restricted (Elder, 1962;
Husheer et al., 2003). Where sika deer are absent in Ruahine and Tararua F.P.s, there
is evidence of much less regeneration failure. This may be due to a lack of deer effects
or little plot re-measurement in these two parks during DOCs tenure (Husheer, 2005).

Ongoing monitoring of permanent vegetation monitoring plots is an important com-
ponent of forest conservation management in New Zealand. Both Kaweka and
Kaimanawa F.P. have extensive networks of monitoring plots established on randomly
located lines by the New Zealand Forest Service (Husheer, 2003). These permanent
plots were augmented with a set of paired exclosure plots established between 1998
and 2000 in mountain beech forest canopy gaps, which showed widespread regen-
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eration failure (Kaimanawa four sites, Kaweka eighteen sites, Husheer and Robert-
son, 2005). New Zealand plot networks have repeatedly shown that five common
broadleaved, hardwood species (Griselinia littoralis, Melicytus ramiflorus, Pseudopanax
arboreus, Schefflera digitata and Weinmannia racemosa) are prevented from growing into
small trees by browsing from deer (Bellingham and Allan, 2003; Husheer, 2005, 2007;
Tanentzap et al., 2009; Wright et al., 2012). Upon re-measurement, paired monitoring
plots are likely to show that these species are not regenerating in Kaweka F.P. along
with mountain beech.

The Kaweka mountain beech project (KMB) was established in 1998 to reduce sika
deer densities in central Kaweka F.P., and to trial if aerial deer culling could reduce
deer densities to low enough densities to restore canopy regeneration. The trial was
successful with aerial culled areas having seedling growth comparable to unfenced
plots (Husheer and Robertson, 2005; Duncan et al., 2006). Annual re-measurement
of paired mountain beech monitoring plots ceased in 2004, and since 2006 deer fae-
cal pellet counting has been used to index deer densities in Kaweka F.P. Aerial deer
culling was discontinued at the end of 2015 due to “low pellet densities”, DOC and
recreational hunters “reduced the deer population to an acceptable level for mountain
beech regeneration” (Mayo, 2016), and deer densities “reduced from 35 deer/km2 to
20 deer/km2” (Herries, 2016). This decision was made with support from the Kaweka
Hunter Liaison group (Herries, 2015). Vegetation criteria were also a consideration
in the decision to cease culling and rely on recreational hunting alone: “regeneration
of mountain beech looked sufficient” and “a low vegetation index” (Herries, 2015).
Earlier, an FPI of 20 (Faecal Pellet Index = 18 deer km´2, Herries, 2016) and a basal
area of ą44 m´2 ha´1 was used as a critical threshold to decide to cease aerial culling
in central Kaweka F.P. “allows DOC to suspend deer control once deer abundance gets
below a certain level, this occurred in most of the deer control block in 2008” (Herries,
2009, 2013). Currently there is no management plan for the Kaweka Mountain Beech
project, or Kaweka Recreational Hunting Area.

The objectives of the Kaweka Mountain Beech project were (McNutt, 2017):

• To reduce deer densities to levels that allowed mountain beech forest to regen-
erate and replace itself in more open areas.

• To establish and maintain a monitoring programme to provide information on
the results of deer control operations and the outcomes for mountain beech re-
generation, vegetation composition and structural change. This includes palat-
able and unpalatable shrub species.

• To provide information to make informed decisions on the intensity of deer
control required.
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The objectives of the present review are to:

1. Review the last 10 years of data which informed management decisions to date.

2. Describe the current state of Kaweka mountain beech forest.

3. Estimate the impacts of sika deer browsing.

4. Determine if objectives of the Kaweka mountain beech project have been met.

5. Make recommendations for monitoring and control where required.

In the past decade DOC has increasingly fostered recreational hunter access in re-
mote areas of Kaweka F.P. Huts have been maintained and improved for recreational
hunters. The number of helicopter landing sites have been increased. A formal book-
ing system has been introduced so that many remote huts in Kaweka and Kaimanawa
F. P.s are continually occupied from November until May. With successful recre-
ational hunter management of sika deer in Kaweka F.P., data would be expected to
show several linked trends. Reductions in deer populations would be linearly related
to reductions in deer faecal pellet counts, with noticeable decreases where aerial deer
culling has complemented recreational hunter efforts. Reductions in deer densities
would be associated with increases in mountain beech seedling growth, survival and
counts in plots. These would be comparable to fenced plots and regions with lower
deer densities. Sika deer have also suppressed regeneration of plant species which are
more palatable than mountain beech (e.g. kāmahi, three finger – Raukaua simplex and
broadleaf – Griselinia littoralis). With highly successful deer population management,
there would be evidence of sub-canopy regeneration in all forest types and canopy
regeneration in kāmahi forest.
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2 Methods

To determine if the Kaweka Mountain Beech project has met its objectives, archived
data has been searched for, error checked, compiled and analysed. These data include
culling records, deer faecal pellet data and vegetation data. Field trips to Venison Tops,
Manson, Spion Kop, Tussock and Te Puke areas of Kaweka F.P. were completed in
2017, and tagged seedlings measured at paired exclosure plots. A thorough literature
review has been undertaken, and in some instances data obtained from unpublished
internal reports or refereed papers have been used, where it has been lost in raw
format.

2.1 Deer Culling

Pre-KMB project Sika deer have steadily expanded their range from liberation east
of Kaimanawa F.P. in 1905 (Davidson, 1973, A3 sized map in Appendix – Map 2, Table
1). As sika deer colonised western Kaweka F.P. (1950–1970, Husheer et al., 2006b),
the New Zealand Forest Service undertook ground-based deer culling beginning in
the summer of 1958-59 until the establishment of DOC in 1987 (Figure 1). During
the tenure of Lindsay Poole as Director General of the NZ Forest Service (1961–1971)
a greater emphasis was placed on deer culling in Kaweka F.P. to reduce impacts on
alpine vegetation and forest regeneration (e.g. Poole and Adams, 1963; Poole, 1973,
1983). In that time deer cullers typically shot 1000 deer year´1 (˘300), with 500–1300
hunter days year´1 spent culling, at a present value of «$64,000 year´1. Records sug-
gest that incentive hunting began in January 1968 until the early 1970s, when culler
success thereafter declined (Logan, 1968; Fleury, 2017).
In Tararua and Ruahine F.P.s a hut and track system similar to Kaweka F.P. was estab-
lished to support deer culling efforts, with deer culling ceasing in the late 1980s. In
Kaimanawa F.P., ground-based deer culling did not reach the same intensity during
the Forest Service era (Harris, 2002). In Kaweka F.P., DOC continued to undertake
ground-based deer culling from January to April 1988. From 1970, commercial hunt-
ing was permitted using helicopter recovery in Kaweka F.P.. Typically 10–12 deer were
recovered per flying hour using Hughes 300B aircraft (Cox, 2016). Deer processing
rates were constrained by the ability of crews to transport deer carcasses, with more
time being spent on recovery and transport than on hunting. Unpermitted recovery
had occurred since 1965, and continued after 1975 when permits were not renewed.
Between 1965 until the late 1970s, small teams of ground based hunters used heli-
copters and fixed wing aircraft (e.g. Manson’s Cricket Pitch and Boyd airstrips) to
remove carcasses. Daily recovery loads were required for some productive hunters
(4–8 deer per load in a Supercub or Hughes 300). Helicopter hunting was allowed
up until the mid 1980s, with typically 5–10 deer per hunting hour being shot using
Hughes 300s (Wilson, 2010). Other helicopter types were used,but the Hughes 300
was the only type used from 1965 until the mid 1990s. Commercial helicopter-based
deer recovery was permitted again in Kaweka F.P. in 1998 and occurred up until 2002,
with records of a total of 175 deer being recovered during the KMB project using
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Robinson R22 aircraft (1998-99 n=104, 1999-00 n=15, 2000-01 n=23, 2001-02 n=33).
Commercial deer recovery followed a similar pattern in Kaimanawa F.P. Unpermitted
venison recovery was common in the 1970s and 1980s, and commercial venison re-
covery was permitted in Kaimanawa F.P. from 2000. Only 177 deer were recovered by
a single operator using a Hughes 300C (Husheer and Robertson, 2005). Recreational
Hunting Areas were established in both Kaweka and Kaimanawa Forest Parks in 1986
(Map 1, page 34)

KMB deer culling In October 1998, helicopter-based deer culling was initiated in
«12,100 ha of Kaweka F.P., this area was reduced to «11,000 ha in 2000 (Table 2). In
2009, aerial culling occurred further west and was reduced to «8,900 ha. In 2010,
funding was partly diverted from culling deer to live capture for a deer tracking
study (Herries, 2011; Latham et al., 2015). The culling area was reduced further from
2013 to «6,800 ha. Most deer were culled in creek heads, slips and forest openings
on calm evenings within two hours of dark (Latham et al., 2017). Although, Latham
et al. (2015) showed that both female and male sika deer often preferred open tussock
habitats throughout daylight hours in winter and spring.

For the first decade culling was undertaken from October through to February.
After 2009, hinds were primarily targeted and culling operations were also conducted
in winter to allow recreational hunters less disturbed access to sika stag hunting
during their preferred summer hunting periods (see appendices and Herries, 2016
for maps and descriptions). Aerial culling ceased in November 2015, and currently
the only culling of deer is by recreational hunters. Data from aerial culling has been
checked by DOC staff and appears reliable. The data available on recreational hunting
is less reliable with low rates of return of hunting statistics from unsuccessful hunters
(Simmons and Devlin, 1981; Nugent, 1992).
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Figure 1: Summary of NZ Forest Service deer culling effort (hunter days year´1 )
and kills per hunter day (‚) in Kaweka F.P.. Ground-hunters worked between October
and May from 1958 to 1988. Data are from Davidson and Fraser (1991), Appendix 1.
Years of establishment of alpine grassland monitoring plots, helicopter deer recovery,
and forest monitoring plots are indicated. In 1988 deer cullers were paid $66 day´1,
which for 500 culling days amounts to a 2017 value of $64,000 annumn, and is shown.

Area km2

Sika range 1930 84
Sika range 1940 194
Sika range 1950 323
Sika range 1960 709
Sika range 1970 2031
Sika range 2008 8907
Aerial culled 1998-2008 111
Aerial culled 2009-2013 89
Aerial culled 2014-2016 69
KFP 619
KFP mountain beech 139

Table 1: Areas of the range of sika deer from 1930–1970 (Davidson, 1973), 1998
(Banwell, 1999) and 2008 (DOC staff estimates, Map 2). Area of Kaweka Forest
Park (KFP) with helicopter deer culling areas from Figure 2.
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Figure 2: Aerial deer culling areas in Kaweka F.P. 1998–2016.
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Season Hours flown Cost Deer shot Deer shot km´2 Cost ha´1 (2015 cpi)
98-99 45 $32,935 382 3.2 $3.92
99-00 73 $53,229 495 4.1 $6.33
00-01 76 $60,587 421 3.8 $7.84
01-02 69 $55,440 343 3.1 $6.96
02-03 56 $44,400 320 2.9 $5.42
03-04 60 $47,853 339 3.1 $5.68
04-05 35 $28,307 245 2.2 $3.30
05-06 56 $44,693 318 2.9 $5.08
06-07 52 $41,747 225 2.0 $4.58
07-08 53 $47,400 224 2.0 $5.08
08-09 44 $51,136 288 2.6 $5.30
09-10 43 $54,229 187 2.1 $6.80
10-11 27 $36,518 128 1.4 $4.48
11-12 36 $48,240 138 1.6 $5.66
12-13 37 $50,512 206 2.3 $5.84
13-14 41 $46,728 110 1.6 $6.99
14-15 22 $22,166 58 0.8 $3.27
15-16 23 $22,883 104 1.5 $3.35
Total 849 $789,004 4531

Table 2: Helicopter hire costs and hours flown for aerial hunting for the KMB project
1998-2016. Excludes ferry time, GST, staff and overhead costs. Culling costs ha are
adjusted for the 2015 consumer price index.

2.2 Deer faecal pellet monitoring

Several faecal pellet counting techniques have been used in Kaweka F.P. to index
deer densities. From 1974 until 2000 the presence of deer faecal pellets was recorded
within milli-acre (114 cm radius) sub-plots along randomly selected transect lines
running from water courses to ridge tops (see Map 3 appended). This method has
also been used in Tararua, Ruahine and Kaimanawa F.P.s. In 1959-60, ten milli-acre
sub-plots within cruciform plots (method described by Holloway and Wendelken,
1957) were used to index faecal pellet presence in the Tutaekuri catchment (n=66
plots, 25% pellet occurrence Cunningham, 1974; Table 3). During Cunningham’s
1960 survey, faecal pellet presence was also recorded in 6” rings in alpine vegetation
following Wraight (1960); Cunningham (1974). Cunningham’s 1960 survey was
repeated in 1965 (Wallis, 1967). In the summer of 1974-75, 142 permanently marked
transect lines were established on random start points in watercourses in Kaweka F.P.
Faecal pellet presence was recorded in milli-acre plots at 20 m intervals, (hereafter
NZ Forest Service plot lines, «370 pellet groups ha, Fleury, 1980). A subset of these
lines were measured in 1981-82 (no raw data for 1981-82, 30% occurrence), 1995 and
1998-2000. From 1997 to 2005, at fifteen subjectively located exclosure plot sites,
the presence of pellets was recorded in 160 milli-acre plots along cruciform lines
and faecal pellet groups were counted in 160 2.2 m radius sub-plots spaced at 10 m
intervals.

8



From 2006 until 2018, a modified version of Forsyth et al.’s 2007 deer faecal
pellet index (FPI) protocol was used annually to index deer densities. The FPI is
calculated by counting numbers of individual intact pellets based on the definition of
Baddeley (1985, described in detail in Forsyth, 2005). In Kaweka F.P. groups of pellets
were counted, using more conservative definitions than described by Baddeley
(1985) and Forsyth (2005). Fifty randomly located and permanently marked lines
were established initially, each with thirty 1 m radius plots (3.14 m2 at 5 m intervals).
Lines were later measured at permanently marked seedling count plots measured in
2012-13 (Section 2.3). From 2008 to 2017, stratified random sampling was used, with
30 plots measured in arbitrarily selected areas of similar size. Although individual
FPI sub-plots were not permanently marked, lines were, and deer may have avoided
these sites following measurement. Nugent et al. (1997) warned that red deer avoid
permanently marked sub-plots, resulting in faecal pellet densities 2–3 times lower
than unmarked sub-plots. In Kaweka F.P., the number of faecal pellet groups (not
individual pellets) with at least one pellet in each sub-plot was counted. As deer
culling was shifted to western Kaweka F.P., additional lines were established. Details
of Kaweka F.P. sampling strategies and methodological variance from Forsyth et al.’s
2005 protocol were not reported. While Forsyth et al.’s (2005; 2007) FPI method is
more efficient than preceding methods counting faecal pellets, Allen et al. (2003) and
Forsyth et al. (2011) warn managers to carefully consider the rapid adoption of new
methods when long-term data is available because comparisons among differing
protocols may not be wise.

As pellet count surveys are repeated over several decades, the potential for
method creep increases. Definitions of what constituted a valid faecal pellet presence
or faecal pellet group changed over time and between surveys in both Kaweka and
Kaimanawa F.P.s, with no attempt to calibrate methods between surveys. All surveys
required no loss of material from pellets, but the amount of cracking, deformation
and decay allowed varied. From 1960–1974 definitions described by Bell (1973) and
Apthorp (1983)’s were used, which required an unbroken cuticle and no descernable
decay to be intact (allowing for drying cracks, Fleury, 2017). From 1974 until 1982,
Baddeley’s (1985) definition was used, which allowed pellet decay, cracking and
deformation. After 1995, more conservative definitions of intact pellets tended to
be used – shifting towards Apthorp’s (1983) definitions. Pellets with large cracks,
pits (ą1 mm), deformation and cuticle deterioration tended to be excluded. Field
staff also recall methodological changes between 2006 and 2017 (Mayo, 2017; Lee,
2017), which means that inconsistencies in the application of FPI from 2006–2017
may be just as large as variation with earlier protocols. In 2018, an attempt at
collecting comparitive data was made by counting pellet groups using a conservative
interpretation of Forsyth’s 2005 definition of intact cuticles (no significant pitting and
no cuticle deterioration), as well as the interpretation used by DOC’s Tier 1 teams
which allows for deep pitting, cracking and cuticle (shiny membrane) deterioration.
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The number of pellets required to constitue a group declined over surveys, so
there was potential for field operators to count what would have been called a
single pellet group in early surveys as two or more pellet groups in recent surveys.
However, the occurrence of multiple pellet groups in a plot was infrequent enough to
reduce the chance of this occurring – 62% of FPI plots contained only one pellet group.

Regardless of changes in definitions of pellet validity, if the average time from
defecation of a pellet group until it no longer meets validity criteria is known, the
rate of detection of valid pellets by individual operators is known, and the number of
defecations of faecal pellets per day is known, deer density can be calculated (Riney,
1957; Bell, 1973; Baddeley, 1985; Fraser, 1998). Unfortunately, wild deer defecation
rates are highly variable depending on animal species, sex, age, season and diet
(Neff, 1968; Dzieciolowski, 1976; Mitchell et al., 1985; Rogers, 1987; Mayle, 1996;
Mayle and Staines, 1998; Mayle et al., 1999). In the absence of reliable data, deer
defecation rates in Kaweka F.P. have been guessed at 30 pellet groups per day. This
high defecation rate was assumed due to the sika deer browsing large amounts of
poor-quality woody vegetation. From personal field observations sika deer seem to
produce smaller pellet groups than other deer species. This speculative assumption
is high in comparison to previous studies assumptions (e.g. 8 defecations per day
for captive muntjac Muntiacus reevesi, Chapman, 2004; 17–23 for roe deer Mitchell
et al., 1985; 12.5 for red deer Nugent et al., 1987; 25 for sika Nugent et al., 1997, 14
for moose, Alces alces, Rönnegård et al., 2008; 20–23, Mayle et al., 1999; 22–52 for
whitetail, Odocoileus virginianus Rogers, 1987). Red deer may have lower defecation
rates than sika deer and were dominant in Kaweka F.P. and southern Kaimanawa
F.P. up until the 1980s, when sika deer became more common (Davidson, 1973, 1979;
Davidson and Fraser, 1991). Overseas studies show that deer pellet decay rates are
also highly variable. Pellets can decay within a month or last over a year depending
on deer diet, pellet group size and number, weather, habitat and definitions of pellet
validity (Van Etten and Bennett Jr, 1965; Aulak and Babińska-Werka, 1990; Hemami
et al., 2005; Swanson et al., 2008). Pellet decay and disappearance rates may also
be non-linear, with most pellets in an area decaying within weeks, while some may
take months to decay (Hemami and Dolman, 2005; Brodie, 2006; Skarin, 2008; Davis
and Coulson, 2016; Jung and Kukka, 2016). Cleared plot techniques have been used
to overcome unknown rates of decay (Neff, 1968), but deer may avoid permanently
marked cleared plots (Nugent et al., 1997), and cleared plot techniques have not been
used in Kaweka F.P.. In New Zealand, most faecal pellet surveys use a definition
of pellet group validity described by (Baddeley, 1985), where pellets are intact if no
recognisable or significant amount of material is lost, regardless of whether the pellet
is cracked or the cuticle intact, has fungal growth, is partly broken, or deformed by
trampling or other causes. Using this criteria pellets groups usually remain valid
for 3–6 months. Three surveys in Kaimanawa F.P. (Atkinson, 1981; Apthorp, 1983;
Whiteford, 1983) and recent surveys in Kaweka F.P. used more strict criteria (Mayo,
2017), so that most pellet groups were invalid within a month of defecation. Holes or
flaking of the outer coating, broken cuticles (membranous outer coating), and major
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cracks were not allowed. Pellets had to be visible without disturbing litter. Up until
the introduction of the FPI protocol in 2006, a pellet group was defined as six or
more intact pellets from one defecation. The FPI protocol used from 2007 allowed
single pellets to be counted as a group, so that a pellet group might remain intact for
over a year. The assumptions made in deer density analyses are summarised in Table 3.

Deer densities were calculated with equation 1, where D = (Deer km´2, pellet group
density (PGD) = Mean deer faecal pellet groups km´2 (Smith, 2012), pellet decay rate
(P.Dec) = days from defecation until no longer meeting valid criteria and defecation
rate (P.Def) = valid pellet groups per day per deer.

PGD
P.Decˆ P.De f

“ D (1)

Error in deer density estimates were calculated by increasing estimates of faecal pellet
densities by .1, increasing decay rate estimates (halving the time until a pellet is no
longer valid) and lowering defecation rate estimates to 20 per deer per day (Table 3).

2.3 Seedling count monitoring

In the summer of 2005-06, tree basal area was estimated at 230 sites systematically
located on a grid in an area mapped as mountain beech in Kaweka F.P. (Map 4).
One hundred and eighty nine sites were actually in mountain beech forest and thirty
of those (16%) were classed as low basal area using the prism-angle gauge method
(Grosenbaugh, 1952). On those mountain beech plots with a basal area (ă44 m2 ha´1),
mountain beech seedlings (ď135 cm high) in a 10 m ˆ 10 m plot were counted and
their heights recorded. On twenty plots with large numbers of seedlings (ą100), a
sub sample of 4–15 2.5 mˆ 2.5 m sub-plots were measured. Saplings were counted at
twelve plots where they were present. Between November 2012 and January 2013 the
survey was repeated using the same seedling counting protocols, with 207 randomly
selected sites in mountain beech forest assesed for low basal area. Sampling was
extended into southern Kaweka F.P. in the 2012-13 survey, but sampling intensity
appeared to be reduced in western Kaweka F.P. particularly around Ngawapurua,
but the reason for this is not recorded (see Map 4). Seventy eight plots (37%) were
recorded as low basal area. All seedlings were measured in the second survey, with
no sub-sampling undertaken. Saplings were counted at 35 plots where they were
present. Duncan et al. (2006) used the 2005-6 data (with tagged seedling data, section
2.4) to model the number of years required for canopy replacement, and provides
method details. From February to May 2018 plots identified in the 2012-13 survey as
low basal area were re-measured using the same protocols. Five low basal area plots
were omitted because there were in streams or on steep bluffs.
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2.4 Paired fenced 10 m ˆ 10 m plots

One hundred and twenty 10 m ˆ 10 m seedling monitoring plots were subjectively
established between 1997 and 2003 in Kaweka F.P. mountain beech forest (1997-98
season n=48; 1998-99 season n=51; 2001-02 and 2002-03 n=21, described by Taylor,
2003). At twenty sites (where paired plots were 100 m or more apart), fences were
established to exclude one or two plots, paired with unfenced plots. Establishment
criteria varied, but plots were mostly subjectively placed in conspicuous canopy
gaps with a range of seedling densities (3–ą100). The heights of mountain beech
seedlings (5–160 cm high) were measured in plots, although the protocols used
required either all seedlings or all seedlings in some sub-plots to be tagged. In
some plots in some years all seedlings were measured, but this was inconsistent. At
many other plots where it was deemed too time consuming to measure all seedlings,
seedlings were measured from a subset of 2.5 m ˆ 2.5 m sub-plots (commonly but
not always in a checkerboard pattern). Individual seedlings were numbered with
an aluminium tag wired to its stem and its pull-up height measured (cm) to the end
of the previous seasons growth (where light coloured new-seasons growth replaced
darker growth). As plots were established they were generally re-measured annually
up until 2001. Seedling plots were established within a 20 m ˆ 20 m overstorey
plot using the protocol described by Hurst and Allen (2007). Data was entered into
a series of error prone xcel spreadsheets in an idiosyncratic format, and appear to
have been lost or made inaccessible on the DOC computer network (Allan, 2008;
McNutt, 2017). From May to October 2017, a field audit was undertaken as part of a
re-measure of a selection of paired plots. Fortunately, data from 1998–2001 used by
Husheer and Robertson (2005) is still available, and was used by Duncan et al. (2006).
From February to May 2018 paired plots were re-measured at eighteen sites where
data checking and 2017 field audit showed all seedlings had been tagged by 2000
(Husheer, 2018).

2.5 Data Analysis

Faecal pellet and culling data were provided in xcel spreadsheets, which were checked
and converted to text files (comma separated value). Because measurements were
counts, data distributions followed a Poisson or quasi-binomial error distribution.
Making analysis options even more complicated is the fact that the relationships
in FPI among time and space were of most interest. So not only does the lack of
independence need to be allowed for, but parameters of most interest need to be
modelled spatially and temporally. A series of statistical models were used for
exploration and testing. Firstly, least squares linear models were used, then general
linear models, and ultimately hierarchical models were used with fixed effects of
culling, time and space and mixed effects of time and line identity. Model coefficients
were extracted for presentation in Figure 5 (Clark and Bjørnstad, 2004; Gelman and
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Hill, 2007) using lmer functions in R (Bates and Maechler, 2010; Pinheiro and Bates,
2009). Because pellet counts were log transformed with residuals near normally
distributed, Generalised Linear Mixed Models (GLMM) were not used. When spatial
data were included in a model, tests for auto-correlation were undertaken (Moran,
1950). When useful, a spatial correlation matrix was constructed and included
in generalised least square models (Pinheiro et al., 2017). A New Zealand digital
elevation model (DEM) was downloaded from the land resource information systems
portal (www.lris.scinfo.org.nz) and used for spatial prediction. Climate, geology and
vegetation landcover layers were also explored but proved less useful that location
data (Lris, 2010).

Tagged seedling data were used to calculate seedling relative growths (Swan-
borough and Westoby, 1996; Equation 2). Relative growth rates of individual
seedlings (hereafter seedling growth) is a commonly used index of plant growth that
allows for height bias in growth rates of seedlings. Seedling mortality, recruitment
and total counts were summarised for each paired plot and compared between
fenced and unfenced plots.

loge seedling height2017 ´ loge seedling height2001

16 years
(2)
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3 Results

3.1 Deer culling 1958–1988 and 1998–2016

Historical records for ground based deer cullers from 1960 until 1988 showed a
mean of one deer shot per hunter day (min 0.5 deer shot per day in 1982 and max
2 in 1960), or ă1 deer km2. There are no records of DOC funded deer culling or
commercial hunting between 1988 and 1997. Aerial deer culling effort and deer kills
per flying hour in the KMB project reduced from 1998 until cessation in 2015 (Figure
3). Although culling areas and timing altered, there was a consistent decline in culling
effort and the numbers of deer shot per km2 (Figure 4). Funding remained consistent
up until 2004 when both the culling budget and culling hours nearly halved (Table
2). Deer culling was most effective from September to January, while in winter
months fewer than five deer per flying hour were shot (5.5 September–February vs
3.6 June–August, t=3.039, df = 26.4, P = 0.005). Cull rates and animal counts are
commonly used to index ungulate abundance (e.g. Brennan et al., 1993; Nesslage and
Porter, 2001; Matsuda et al., 2002; Potvin and Breton, 2005; Storm et al., 2011; Forsyth
et al., 2014). The potential to use helicopter culling results in KFP as an index of deer
abundance has been confounded by changes in methods, areas and personal. Some
crews appeared more efficient and improved with experience. After 2009, culling
excluded stags, flying hours declined further, and included some carcass recovery
for TB necropsy.

Before 2000, DOC managers attempted to improve data from recreational hunting.
Recorded recreational hunter permit issues (2461), returns (409, 16.7%) and recorded
deer kills peaked in 1999 for Kaweka FP. For that year hunters declared 334 sika
deer shot and 22 red deer (366 total deer shot) for 1579 recreational hunter days in
Kaweka F.P. (0.6 deer km´2 and 4.3 hunter days per deer shot). Although recreational
hunters were less efficient than deer cullers, their greater numbers meant that overall
recreation hunters shot more deer («double). If hunters who did not return permits
were as successful as those who did return permits, ą2,000 deer would have been
shot in Kaweka FP in 1999, which may be the upper credible limit. Nugent and Fraser
(1993) showed that recreational hunters shot «54,000 deer year´1 in New Zealand in
the early 1990s. At that time there were «250,000 deer in forested deer range inNew
Zealand (4 deer km21.) Since 2000, there has been a general decline in hunting permit
data returns from hunters. Record compilation appears to have ceased in 2007 with
no records available for Kaweka F.P. after that time. Permits that have been returned
to DOC with useful data have shown that recreational hunters removed less than one
deer km´2 annumn´1. Helicopter air-transport operators have confirmed that most
recreational hunters are unsuccessful with five to ten hunter days spent per deer kill.

Data from the Sika Foundation is generally consistent with 1999 DOC permit records,
with low rates of hunter success in comparison to deer culler kill rates. Organised
recreational hunter groups undertook hunts throughout Kaweka and Kaimanawa
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F.P.s in March, June, October and November 2017 (Sika Foundation, 2017). In the
March to October hunts, Sika Foundation hunters shot 37 deer in 195 hunter days, or
a mean of 6 days per deer. In the November organised hunt, hunters shot 14 deer in
126 hunter days, or a mean of 9 days per deer. Most hunters did not shoot any deer
in organised hunts.
The DOC hut booking system in Kaweka F.P. shows that huts and helicopter accessed
camps in the general area covered by Kaweka mountain beech forest were booked
for 2474 hunter days in 2017. This 310 km2 area is generally accessed only by hunters
using helicopter air transport operators, with few hunters walking to remote hunting
areas (west of Kaweka Recreational Hunting Area – Kiwi Saddle, the main Kaweka
range and the Makino River). Extrapolation of these results suggests that there are
over eight hunter days spent per km2 in Kaweka and Kaimanawa F.P.s combined
(1323 km2), and under 1000 deer shot. These speculative figures were calculated by
dividing the known number of hunter days (2474) by hunter success (5.6 days to
shoot a deer). This rate of 440 deer in the 310 km2 of western Kaweka F.P. is then
extrapolated to 1323 km2 of Kaweka and Kaimanawa F.P. for 932 deer shot.

Faecal pellet data collected since 2009 in Kaweka and Kaimanawa F.P.s sug-
gests that there are ą15 deer km´2 in these parks and a total population of ą20,000
deer (Section 3.3 and Figure 8). DOC aerial, commercial and recreational hunters
shot ą13 deer km´2 between October 1998 and June 2001 in the aerial culling area
of Kaweka F.P., with many deer still remaining (Husheer and Robertson, 2005). It is
possible that deer density is ą20 km2 in large areas of Kaimanawa and Kaweka F.P.s.
Recreational hunters probably annually harvestă1.5 deer km´ annumn´1, or«ă10%
of the total deer population in Kaweka and Kaimanawa F.P.s. Without reliable data
on deer densities and recreational hunter success, these results are speculative.
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Figure 3: Numbers of deer culled in 411 aerial deer culls between October 1998 and
November 2015 in Kaweka F.P.. A least squares regression line is fitted (Pă0.001, R2

= 0.097, year coefficient = -0.202)

H
ou

rs
 fl

ow
n

0
10

25
50

75
10

0

98−99 01−02 04−05 07−08 10−11 13−14

Figure 4: Hours flown in 411 aerial deer culls between October 1998 and November
2015

3.2 Deer faecal pellet monitoring

Deer faecal pellet groups per line (mean Faecal Pellet Index, FPI) remained between
10 and 25 between 2006 and 2018 with variation among years up to 63%, and typically
27% (Figure 5). The large difference in 2018 between different pellet definitions
highlight the erratic potential of data. A least squares regression showed no evidence
from FPI of any change over time, and a t-test showed higher FPI in lines in culling
areas compared to lines without aerial deer culling in 2017 (21.6 vs. 16.2; s.d =
11.9, t = 4.01, df = 109.1, P ă 0.001) or with all years combined (21.7 vs. 14.1; s.d
= 12.8, t = 10.48, df = 1104.6, P ă 0.001). Attempts to explain variation among
years with a spatial model showed no interpret-able pattern. These tests on FPI
data violated fundamental assumptions of most statistical analysis. Lines were
repeatedly measured, and some plots were close enough to one another that they had
similar characteristics, particularly with regard to culling effects. Data were probably
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not independent through space and time, and residuals from count data were not
normally (gaussian) distributed. Because of slow rates of pellet decay, FPI results
lagged effects and changes in culling by up to two years.

Deer faecal pellet group counts were converted to pellet groups density ha´1,
and compared over time (Figure 6). There was no significant difference in faecal
pellet densities between areas aerial culled and areas with recreational hunting
alone for pooled 1998 to 2017 data (x̄ = 263 vs. x̄ = 307, t=1.22, df = 127.8, P
= 0.222). Culling areas are illustrated in Figure 2 and the area listed in Table 1.
The lack of comparability in cruciform pellet surveys using the method described
by Taylor (2003, 1997–2004), and the FPI method of Forsyth (2005, 2007–2017)
is apparent. This appears to be an issue of changes in criteria of pallet validity
rather than counting methods, because there is a strong relationship between pel-
let group density and pellet occurrence in 1 m radius plots from FPI surveys (Figure 7).

Power analysis (with significance level = 0.05 and power = 0.8) showed that
twelve FPI lines are required to detect a 50% decline in FPI (from 18.6 in 2017) or four
lines for an increase of 100%. Detection of an increase mean FPI of 10% requires 257
lines. The 150 lines re-measured in 2017 could detect a change in FPI between two
surveys of 2.8 (15%), using a paired t-test.
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Figure 5: Deer pellet group occurrence on lines of thirty sub-plots measured using
a modified version of Forsyth et al.’s 2005 faecal pellet index (FPI) protocol between
2006 and 2017. Means with 95% error limits (•) and measurements based from 2018
on DOC’s (2016) definitions (�) are displayed. The number of lines for each survey
year (n = 50–208) are shown. A line of best fit ( ) using least squares regression
is displayed (non-significant slope P=0.08). Fixed effects coefficients from a mixed
effects model for lines with ( ) and without ( ) culling are displayed within a
region of confidence (2 ˆ SE of fixed effect coefficient ). Dashed lines are arbitrary
limits of 10 and 20 used by Mayo (2016) to differentiate between low, “acceptable”
and high deer densities.
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Figure 6: Mean deer faecal pellet group densities from fifteen deer exclosure sites in
Kaweka forest park measured annually in summer seasons from 1997-98 to 2004-05
(map Appendix 1), and on FPI lines measured in summer seasons from 2007-08 to
2016-17. Areas with aerial culling (•) and areas with recreational hunting alone (˝)
are differentiated. Error bars are standard error of means
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Figure 7: The relationship between deer faecal pellet group counts and pellet fre-
quency of occurrence from FPI lines measured in summer seasons from 2007-08 to
2016-17. A least squares regression line is fitted with an intercept of zero. Results
from that regression are displayed (P ă0.001)

3.3 Estimates of deer density

Despite the cautions of previous authors against using pellet counting techniques
for estimating densities of deer populations which are under 30 km´2 (e.g. Fuller,
1991; Marques et al., 2001; Laing et al., 2003; Forsyth et al., 2007; Soofi et al., 2017),
an attempt was made to compare absolute population densities using different pellet
counting protocols by allowing for pellet decay and deer defecation rates (Table 3).
These estimates of deer densities in Kaweka and Kaimanawa F.P.s derived from faecal
pellet data suggest that deer numbers may have remained between 5 and 20 deer km´2

over the past four decades (Table 3, Figure 8). When the potential for uncertainties
in defecation and decay rates was included in estimates, a two to four-fold level
of potential error became apparent. In contrast to Kaweka and Kaimanawa, in the
South Island’s Arawhata Valley deer densities appear to have declined in the decade
following the first pellet survey in 1969. Venison recovery began in the Arawhata
Valley in the mid 1960s when a helicopter crew could recover ą3000 deer in a month
(up to 20 deer recovered for each flying hour, Wolf, 2015). Cessna 185 aircraft were
able to land on gravel riverbeds and alluvial flats to efficiently transport carcasses to
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road transport locations, allowing helicopter crews to spend most of their flying time
hunting and recovering carcasses. In contrast, more time was spent transporting deer
carcasses in Kaweka F.P. than in hunting and recovery at that time. The Arawhata
catchment exceeds 1000 km2 of deer habitat, and in some years between 1965 and 1975
ą10,000 deer were shot (ą10 deer km´2) during commercial deer recovery operations
(Adams, 2017). In contrast, venison recovery in the Kawekas in the mid 1960s achieved
«10 deer per hour flown to road-ends(Cox, 2016). By 1970, kill rates in the Arawhata
had declined to ă5 deer flying hour and by 1974 ă2.5 deer flying hour (typically
200 deer recovered per month for a single operator). The Arawhata deer population
appears to have remained ă5 deer km´2 since the mid 70s (Figure 9).

Survey N lines Days until decay (P.Dec)
Kaweka F.P.
1960 Cunningham 66 365
1965 Wallis 66 365
1974 Fleury 142 182
1981-82 Jenkins 56 182
1995 NZFS lines 22 365
1998-2000 NZFS lines 56 182
1997–2005 KMB exclosure sites 130 365
2007–2016 Herries 1079 365
2017 Mayo 150 365
Kaimanawa F.P.
1978 Fleury 182
1980 Apthorp 19
1981 Atkinson 19
1981-82 Cleland 19
1982 Whiteford 124 19
1985 RHA 365
1986 RHA 356
1988 Brabyn 365
2004 Husheer 83 365

Table 3: Summary of assumptions made on deer faecal pellet decay rates (P.Dec) for
estimation of deer density from faecal pellet data (Equation 1)
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Figure 8: Deer densities predicted from faecal pellet surveys in Kaweka (•) and
Kaimanawa (˝) F.P.s using assumptions in Table 3 and Equation 1. Upper error
bars are estimated by halving the number of days a pellet groups remain intact and
lowering defecation rates to 20 per day in calculations. Lower error bars are half
predicted densities. Estimates of statistical (sampling) error are not included in error
bar calculations.

22



Year

D
ee

r k
m

−2

0
5

10
20

1960 1969 1979 1990 1999 2013 2017

●

●

●
● ●

●
● ●

● ● ● ● ● ● ●

●

●
● ●

●
●

Figure 9: Deer densities predicted from faecal pellet surveys from nine presence-
absence lines in the central Arawhata Valley, South Westland. Lines run from the
valley floor to alpine grasslands and had milli-acre plots spaced at 25 m intervals
(Husheer, 2013). Five pellet group decay rates studies between 1971 and 1976 showed
pellets disappeared in one year (Challies, 1977), and defecation rates were assumed
to be 25 per day. Lines were measured by NZ Forest Service, DOC and NZ Forest
Surveys (2013).
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3.4 Seedling count monitoring

In the 2005 seedling count survey of Kaweka F.P., 30 of 189 sites were classed as low
basal area mountain beech forest by field staff and had seedlings counted (16%). In
2012 this increased to 78 of 207 sites (38% low basal area, χ̃2 = 12.944, df=1, Pă0.001),
suggesting that there had been an increase in low basal area sites in Kaweka F.P..
Changes in sampling design, inclusion of steep sites and other evolutions of methods
between surveys could also explain some of this variation. At these low basal plots,
there was a mean of 47.2 seedlings counted in 2005, which declined to 13.1 by 2012
(t=2.041, df = 30.801, P = 0.049). Seedling counts declined further in a February to
May 2018 remeasure of 2012 low-basal plots (Husheer, 2018). Mean seedling height
increased from 32.6 cm in 2005 to 42.9 cm in 2012 (t=2.498, df = 55.147, P = 0.016).
Statistical power analysis of 2012 data showed that re-measurement of 30 seedling
count plots could detect a doubling in seedling counts (i.e. from a mean of 13 to 26
seedlings per 10 mˆ 10 m plot). Twenty plots could detect an increase to 30 seedlings
per plot.
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Figure 10: Numbers of mountain beech seedlings counted in low basal area plots in Kaweka F.P. in
2005 and 2012
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3.5 Tagged seedling monitoring

A randomised block anova (with deer exclosure site as a blocking variable) showed
significantly higher mountain beech seedling relative growth rates in fenced plots
compared to seedlings in unfenced plots (F = 9.672, d.f. = 8,77, P ă0.001). Tagged
seedlings re-measured in 2017 grew a mean of 1.9 cm a year outside fenced plots (se =
˘0.5), but in fenced plots grew 8.5 cm (˘0.9) a year (Pă 0.001). At most sites measured
in 2017, very few seedlings survived outside fenced plots (Figures 11 and 12, but see
Husheer, 2018).

Figure 11: Tira Lodge Paired exclosure plot in May 2017, established 1998. Several hundred mountain
beech seedlings inside fence, few outside.

Figure 12: Thorough searching required to find seedlings in unfenced Otutu paired
exclosure plot in October 2017.
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4 Discussion

4.1 Deer culling 1958–2016

Ground-based deer culling in Kaweka F.P. from 1958–1987 was unsuccessful at
restoring mountain beech forest regeneration or increasing palatable tree diversity
(Cunningham, 1974; Fleury, 1979; Wardle, 1979; Allen and Allan, 1997). Despite
200–1300 deer being shot annually up until 1987, deer populations remained at high
densities (probably ą10 deer km´2). Commercial deer culling occurred from 1965
to the late 1980s, with Hughes 300 aircraft being used throughout and frequently
recovering ą10 deer per flying hour (Wilson, 2010; Cox, 2016). Continued high
success rates of government and commercial hunters up until the late 1980s suggest
that deer populations were not reduced to low levels by hunters. This contrasts with
South Island commercial hunters, who by the late 1970s were recovering under five
deer an hour (Challies, 1977; Nugent et al., 1987; Parkes, 2006). Despite the lower
number of deer recovered, high carcass weights and fewer restrictions make South
Island commercial recovery economic (Parkes et al., 1996). Although commercial
helicopter hunters could probably currently recover 1–5 deer hour´1 in Kaweka
and Kaimanawa F.P.s, carcass weights are low, legal access is poor and returns
uneconomic (Wilson, 2017).

A trial of aerial deer culling in an 11,000 ha area of Kaweka F.P. between 1998
and 2001 («1 culling hour year´1 km´2) was successful, and showed that canopy
regeneration could be restored in Kaweka F.P. mountain beech through intensive
DOC aerial deer culling at a cost of «$10 ha year´1 (Husheer and Robertson, 2005).
Following the trial, it was shown that the intensity of culling should be sustained
where it already existed (Duncan et al., 2006), and that culling should be applied
throughout both Kaweka and Kaimanawa F.P.s (Husheer et al., 2003). Instead, both
the extent and intensity of deer culling declined, and ceased in 2015 (Herries, 2013;
Mayo, 2016). Where sika deer are on DOC land, they remain at high densities (ą5
deer km´2) despite decades of unmanaged recreational hunting.

Results do not support the hypothesis that reduced aerial culling and reliance
on recreational hunters has reduced sika deer densities to levels where forest
regeneration is restored. Instead, evidence from 2018 shows poor mountain beech
seedling growth, survival and density in Kaweka F.P. (Husheer, 2018). Successful
nature conservation in Kaweka F.P. requires increased – not decreased – aerial deer
culling. Pest control is more likely to be successful if it is intensive, sustained and
controls all pests affecting forest regeneration (Norton, 2009; Ramsey et al., 2018).
Possum control operations using 1080 can result in deer kills, and deer culling costs
may be reduced if culling occurs in conjunction with possum control. OSPRI plan
an aerial 1080 operation in Kaweka F.P. in 2019 using deer repellent (OSPRI Kaweka
fact sheet). Numbers of deer killed in an aerial 1080 possum control operation may
vary depending on the type of bait used, deer species and condition, and vegetation
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condition. Deer populations have been reduced by ą90 % using large carrot baits
with high poison concentration, to «50% using a pollard bait, and ă10% using deer
repellent (where pig or cattle blood is sprayed over baits; Forsyth, 2002; Morriss,
2007; Graf, 2015). The numbers of deer killed in operations using deer repellent
baits is uncertain (Forsyth et al., 2013), although there may be an increase in risk to
native bird populations (Morriss et al., 2016). Deer populations may act as a reservoir
of bovine TB (Mycobacterium bovis, Nugent et al., 2015) for over a decade and can
re-infect possum populations with TB so there may be benefits for TB eradication of
sustained culling sika deer populations (Nugent, 2016).

4.2 Plants and deer impacts

Kaweka F.P. mountain beech forest remains in a poor state with evidence of dete-
rioration over past decades (Sections 3.4 and 3.5). Deer have prevented seedling
regeneration, so that the density and survival of seedlings has declined. Duncan et al.
(2006) showed that deer density would need to be maintained at low levels (possibly
ă1 deer km2) for several decades to restore mountain beech forest cover in Kaweka
F.P. (Figure 13). The main demographic parameter for monitoring regeneration was
seedling growth in paired exclosure plots. Seedling growth measurements in paired
plots from 2001–2017 show that sika deer continue to suppress mountain beech
regeneration. In the absence of successful culling, most of Kaweka F.P. mountain
beech forest will be converted to shrub-lands in the next century. With increases in
high wind and high snowfall storms, this deterioration may occur in a few decades.

Other forest types are likely to be affected by sika deer browsing. In western
Kaimanawa mixed beech–kāmahi forest a paired exclosure plot study showed that
kāmahi (Weinmannia racemosa) seedling regeneration is prevented by deer browsing
(Cieraad et al., 2015; Figure 14). In that study, naturally occurring woody seedlings
were monitored between 2005 and 2013 in paired fenced–unfenced–artificial gap–
intact plots to determine the growth responses to the removal of herbivory along
artificial canopy gap gradients. The study showed that along with kāmahi, miro
Prumnopitys ferruginea, red beech Fuscospora fusca, Coprosma lucida and C. tenuifolia
were prevented from regenerating at randomly selected monitored sites. Similarly,
deer browsing in Kaweka F.P. is widely suppressing broadleaf (Griselinia littoralis),
māhoe Melicytus ramiflorus and three-finger Pseudopanax arboreus regeneration. Brows-
ing by deer in the unproductive alpine zone appears to have prevented recovery of
vegetation above the treeline (Figure 15 Mark, 1989; Coomes et al., 2003; Mark and
McLennan, 2005; Tanentzap et al., 2009; Cruz et al., 2016). Large areas of regenerating
mānuka-kānuka scrub in south-east Kaweka F.P. are unlikely to be restored to tall
mountain, red and black beech forest in the absence of successful culling.
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We can summarise the results of the simulation model by looking at the behaviour of the 
forest under different deer control treatments averaged over a large number of simulation 
runs. The resulting average trajectories do not describe how the forest is going to behave; this 
remains uncertain given the unpredictability in future disturbance events. What they do show 
is the average outcome we would expect under this disturbance scenario. 
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Figure 13. Averages from 100 runs of the simulation model. The upper graph shows the 
average percent of forest disturbed each year. The lower graph shows the corresponding 
average amount of forest in an ‘open’ state under each of the three deer control treatments, 
along with 95% confidence intervals around the means. R = recreational hunting, A = aerial 
hunting, F = fenced. 
 
Fig. 13 shows the outcome averaged over 100 runs of the simulation model. In the upper 
graph the amount of forest disturbed each year averages out at 0.5%, with slight variation due 
to some years receiving, by chance, more large disturbances than others in the simulation 
runs. Under the fencing treatment, on average, open area initially increases but then declines 
to a mean of about 8% open area. This matches the typical proportion of Nothofagus forest 
that is in open canopy gaps in other parts of the country where deer do not appear to affect 
canopy regeneration (Stewart et al. 1991). In this respect they can be regarded as a ‘fenced’ 
treatment. With aerial hunting, the average proportion in open area increases then levels off at 

Figure 13: Figure 13 from Duncan et al. (2006), showing a radomised simulation
model of forest disturbed annually (x̄ «0.5% forest disturbance annumn´1, upper
graph), and the amount low basal forest forest with fencing (F), aerial culling (A),
recreational hunting (R, lower graph). Confidence intervals are 95% of the mean.
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Figure 14: Kāmahi seedling relative growth rates from paired exclosure plots, western
Kaimanawa F.P., measured by NZ Forest Surveys 2014
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G35 Dec 1960 N.W. towards saddle on Spion Kop

Figure 15: Spion Kop grassland plot in 2017 (G35, lower picture), which is representative of other
alpine plots visited in Kaweka F.P. in 2017. The plot was established in 1960 above the natural tree-line
and re-measured in 1981 (middle) following the method of Wraight (1960). Unpermitted sheep grazing
occurred up until 1966 (Logan, 1968). In the plot, palatable alpine grasses and herbs have declined and
bare ground increased. Slow-growing unpalatable alpine shrubs have increased. In the background
beech seedlings appear to have established in the 1960s with red deer present, and have grown into
small trees. Since 1980, unpalatable shrub species have colonised.
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4.3 Faecal pellet monitoring

Intuitively more deer will leave more faecal pellets on the ground. Repeated studies
have shown that other factors upset that simple and direct relationship between deer
density and pellet counts, to the extent the faecal pellet monitoring is too unreliable
for guidance of decision making (e.g. Dzieciolowski, 1976; Mayle and Staines, 1998;
Smart et al., 2004; Brodie, 2006). However, a New Zealand study suggested that a
deer incresed pellet density by 140 ha´1 in 20 deer enclosures (Forsyth et al., 2005).
But this relationship is variable, even in the same season (68–227 pellets ha´1).
Faecal pellets can decay faster in dry and warm sites, and disappearance rates
increase in windy sites with high litter-fall. Poorer habitat may result in poorer and
lower dietary intake resulting in lower total pellet defecation. For these reasons the
FPI may be just as good an index of micro-climate at individual lines, or seasonal
changes in weather in Kaweka F.P., as it is at indexing deer density. Operator bias may
also vary more than the 10% used in the present study for the calculation of upper
limits of the deer densities (Jenkins and Manly, 2008). Faecal Pellet Index (FPI) results
are difficult to interpret, and do not appear to be linearly related to deer density. If the
relationship between FPI and deer density were consistent among years, FPI shows
biologically impossible increases between 2009 and 2010 and again between 2013 and
2015 in the deer population. FPI has also shown inconsistent results in Kaimanawa
Forest Park (Forsyth et al., 2013). Because FPI appears to be an inadequate technique
at estimating deer density in Kaweka F.P., FPI results are likely to be misleading. This
may potentially be dangerous if managers take them at face value. Although FPI
showed that deer had increased in density, and densities were higher in aerial culled
areas, this may not be the reality (Legg and Nagy, 2006). Forsyth et al. (2007) cautions
against comparisons in pellet frequency of occurrence surveys with FPI as has been
undertaken here, because as deer abundance increases plots will become saturated
once occurrence reaches high levels (e.g. ą50%). Comparisons between pellet group
counts and presence were closely linear in Kaweka F.P. suggesting that saturation
was not as important an issue as variability in decay rates among years. The erratic
results are more likely to be due to changes between seasons and sites in pellet decay,
defecation rates and operator definitions of what an intact pellet group is. Without
definitive information on decay and defecation rates faecal pellet monitoring will
remain imprecise. Changes among observers may also be an issue. Pellet counting
techniques have also proven ineffective for hares, with hare decay rates varying from
7–ą36 months in a Nelson Lakes study (Flux, 1967). FPI may be able to detect a
doubling or halving of deer densities at best. Power analysis shows that 10–20 lines
are required to detect a doubling in FPI for each treatment area (culling – no culling).
Using more lines than this will increase statistical precision and may provide a false
sense of confidence in results.
Despite these uncertainties, faecal pellet monitoring from 1960–2017 indicates that
deer densities have remained between 5–20 deer km´2 in Kaweka and Kaimanawa
F.P.s for the past six decades despite commercial, government-funded and recre-
ational deer hunting. Because of poor reporting and data storage of faecal pellet data
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FPI results should be treated cautiously (Section 5.2). Nevertheless rates of harvest
in KFP suggest that deer populations were ą16 deer km´2 in 2000 (Husheer and
Robertson, 2005).

In summary, there are several reasons why faecal pellet techniques should not
be relied upon for measurements of change in deer density in Kaweka F.P.:

1. FPI results obtained from Kaweka F.P. to date are erratic and confusing, senstive
to methodological interpretation, and suggest that faecal pellet group counts
are unlikely to be related to deer density. Future results are also likely to be
unreliable, even if they appear more sensible. Previous authors have claimed
that faecal pellet counts can be used as an index of deer density (Husheer and
Robertson, 2005; Forsyth et al., 2011), but for an index of density to be useful it
needs to be closely related to density with high confidence.

2. Deer culling may take several years to reduce deer densities, and reductions
may be at rates as low as 1 deer km2 year´1. Depending on definitions, valid
pellets may remain intact for one or more years so FPI results will lag changes
in deer density making analysis complex and potential confusing.

3. Forsyth et al. (2007) were unable to detect differences in deer density with FPI
of much less than 100%, and then only at much higher densities than in Kaweka
F.P. («50 vs. «200 deer km´2; but see Forsyth et al., 2011). FPI is unlikely to be
able to detect differences required by Kaweka F.P. managers (i.e«10 vs. «5 deer
km´2, Figure 16).

4. Kaweka F.P. managers require estimates of changes in deer densities with and
without culling of ă50%. Forsyth et al. (2007) concluded that while faecal pellet
counts and deer density were linearly related, that deer densities could not be
predicted from faecal pellet counts. Forsyth et al. (2007) also cautioned against
comparisons among years without specific knowledge of actual deer densities.
In that case FPI should not be recommended to Kaweka F.P. managers who need
to know absolute densities in order to judge the relative success of aerial culling.
Other techniques should be considered instead. See Section 5.1.

5. Repeated measurements of pellet group densities spanning decades must allow
for creep in the application of definitions of what an intact pellet is and how
much effort is placed in searching for pellets. Inevitably, this will vary over
time rendering faecal pellet monitoring less useful than concurrent comparisons
among sites (Van Etten and Bennett Jr, 1965; Caughley et al., 1976; Jenkins and
Manly, 2008).

6. Identification, disappearance, defecation and decay rates of deer vary depend-
ing on factors such as the species, sex and age of animals, habitat type, season
and diet. Juveniles produce smaller faster-decaying pellets (Hanya et al., 2017),
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and sika deer pellets tend to be smaller than red deer. Decay is also likely to vary
with habitat and diet (Skarin, 2008; Jung and Kukka, 2016). Rain, temperature
and humidity (both soil and air) affect the decay rates of pellet groups, which
have varied in Kaweka and Kaimanawa from under 20 days to over one year.
Variation among seasons in decay rates can lead to particularly miss-leading
results (Aulak and Babińska-Werka, 1990; Bayliss and Giles, 1985). Pellet count
results need to be converted into deer densities to be most meaningful. De-
pending on the defecation rate used and the decay rate of pellets, which will
vary at fine- and course-scales, different density estimates will be obtained. This
renders comparisons of densities among regions to high bias from arbitrary se-
lection of decay and defecation rates — seriously limiting the application of FPI
for management.

7. Forsyth et al.’s 2005’s appears to be an efficient method of counting pellet den-
sities in comparison to past protocols, with low standard deviations and high
confidence in mean values. This can give a false sense that equal confidence
can be applied to relative deer density estimates. Even when the relationship
between pellet counts and deer density is known, it is likely to be highly variable
within and between years and sites in Kaweka and Kaimanawa F.P.

of one animal per hectare corresponded to an increase in the
logit of the probability that a plot has �1 pellet of 1.2 (95%
CI¼ 0.58, 1.83). As with total pellets and pellet groups, the
covariate effects were equivocal. The 95% confidence
interval for the island effect was between �0.44 and 0.93,
and the 95% confidence interval for the area effect was
between�0.61 and 0.07. The fitted relationship between the
logit of the probability that a plot has �1 pellet and deer
density also indicates a strong positive relationship that
appears to be adequately described by the linear model (Fig.
2D).

DISCUSSION

Our analysis indicates a positive relationship between the 3
fecal pellet indices and deer density. As judged by DIC
values, the 4 candidate models explained the relationships
between the 3 indices and deer density similarly well.
Although the 20 enclosures in our study greatly exceeds the
sample sizes in previous studies of the relationship between
fecal pellet counts and deer density (n ¼ 2, Eberhardt and
Van Etten 1956, Ryel 1971; and n¼ 5, Fuller 1991), more
estimates from a wider range of deer densities are required
to better determine whether the relationship between fecal
pellet indices and deer density is linear or nonlinear.

We do not advocate inverting the relationships in Fig. 2 to
estimate deer densities from fecal pellet counts for 3 main
reasons. First, we collected our data from a moderate
number (n¼ 20) of sites that cannot be considered a random
sample of wild deer habitat in New Zealand or elsewhere.

Second, the enclosures were artificial in that animals were
constrained by fences, and it is unclear how fences
influenced the spatial arrangement of deer within the
enclosures compared to deer in wild populations. Third,
Fig. 2 represents the modelled linear relationships between
the 3 indices and deer density after accounting for covariate
and transect effects. Hence, under our model the relation-
ship at other sites would be different but parallel (on the
log- or logit-scales) to the fitted relationship because of the
presence of covariate and other enclosure effects. Rather, our
data provide support for a positive and approximately linear
relationship between fecal pellet counts and deer density.
We encourage other researchers to evaluate the relationship
between fecal pellet counts and deer density in their
geographic area(s) of interest.

The random error terms in our models (see eq 1) express
the effects of unknown covariates such as fecal deposition
(Rogers 1987) and decay rates (Laing et al. 2003) and the
detectability (MacKenzie and Kendall 2002) of intact
pellets. No bias should result if those covariates behave like
normal random variables on the log-scale. However,
systematic variation in such covariates may be an issue for
detecting trends in deer abundance. In particular, changes in
ground cover (e.g., ferns) and observers may increase or
decrease the detectability of intact pellets in a management
area. Although the estimation of such parameters is
considered too expensive to be routinely used for manage-
ment purposes in New Zealand, the sampling protocol
(Forsyth 2005) used here aimed to minimize between-
survey differences in the detectability of intact pellets.

In contrast to previous studies investigating the relation-

Table 3. Posterior density summaries (x̄, SD, and 2.5th, 50th [median], and
97.5th percentiles) for key parameters in the linear model, l(Di) ¼ ln(a0 þ
a1Di), fitted to the 3 fecal pellet indices. We collected data in 20 enclosures
with known densities of deer, New Zealand, in the summers of 2004 and
2005.

Node x̄ SD 2.5% Median 97.5%

Total pellets

a0 �5.863 12.950 �28.620 �6.666 21.980
a1 141.200 41.020 67.700 138.500 227.300
s3 3.859 0.831 2.595 3.741 5.831
s9 0.568 0.080 0.436 0.560 0.750
r 0.532 0.142 0.306 0.513 0.861
b1 0.024 0.292 �0.548 0.021 0.607
b2 �0.270 0.209 �0.694 �0.265 0.133

Pellet groups

a0 0.644 0.846 �1.007 0.639 2.336
a1 8.082 2.672 3.725 7.763 14.310
s3 1.447 0.344 0.907 1.401 2.242
s12 0.318 0.234 0.031 0.273 0.851
r 0.445 0.099 0.290 0.432 0.675
b1 0.029 0.263 �0.499 0.031 0.545
b2 �0.128 0.151 �0.425 �0.129 0.171

Pellet frequency

a0 �2.627 0.278 �3.181 �2.626 �2.078
a1 1.200 0.315 0.578 1.200 1.825
s3 1.503 0.369 0.923 1.455 2.361
s11 0.265 0.159 0.034 0.252 0.604
r 0.580 0.127 0.383 0.563 0.875
b1 0.239 0.347 �0.443 0.237 0.930
b2 �0.261 0.172 �0.610 �0.258 0.072

Figure 2. Fitted relationships between median (and 2.5th and 97.5th
percentiles) values of 3 fecal pellet indices (A and B, total pellets; C, pellet
groups; D, pellet frequency) and deer density, assuming a linear model,
l(Di) ¼ ln(a0 þ a1Di). We estimated the 3 indices in 20 enclosures in the
North (open circles; n¼ 8) and South (filled circles; n¼ 12) islands of New
Zealand during the summers of 2004 and 2005. In plots A, B, and C, the
points are the observed counts plotted at the average deer density based on
the assumed negative binomial prior distributions for abundance. In plot D,
the points are empirical logits of the observed pellet frequencies.
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Figure 16: Copy of Figure 2 from Forsyth (2007), with fitted relationships between
deer density ha´1 and FPI (left) and pellet frequency of occurrence (right). For North
Island sites (˝) mean FPI was 3–10 (vs.sometimes ą20 in Kaweka F.P.), for estimated
deer densities between 13 and 170 deer km´2. The graph illustrates FPI is probably
able to reliably and repeatedly differentiate between populations of 10 and 100 deer
km´2, whereas Kaweka F.P. managers need to be able to differentiate reduction is deer
densities from 20 to 10 deer km´2. Only one site in Forsyth’s study (a 76 ha South
Island enclosure with a density of 164 deer km´2) had a higher FPI than the 2017
Kaweka FPI of 18.6.
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4.4 Carbon storage and soils

New Zealands total greenhouse gas emissions have grown by ą1% per year in the
past decade, offset in part by an increase in carbon stocks in indigenous forests on
conservation land (Bellingham et al., 2014). Between a first measurement in 2002–2007
and a second in 2009-2013 of MFE’s LUCAS plot system there was a net increase in
carbon pf 0.56 tonnes ha year´1 across public conservation land. These stocks are «
111 (˘4) tonnes ha´1 in above-ground biomass, and increasing byą1 year´1, mostly at
sites reverting from shrubland to forest (Beets et al., 2012, 2014). Although the effects
of introduced ungulates on New Zealand carbon stocks are likely to be small (Peltzer
et al., 2010; Tanentzap and Coomes, 2012, Figure 17), there may be localised reductions
in carbon storage if forest regeneration is suppressed (Holdaway et al., 2012). Long-
term effects on forest succession, diversity and carbon storage may be massive on a
regional or national scale (Burrows et al., 2008). Mānuka-kānuka forest regenerating
into beech forest can reduce atmospheric carbon, if not prevented through browsing by
deer of beech seedlings. Following beech forest collapse, there is likely to be a decline
in Kaweka forests up to 100 tonnes ha´1. Tall mountain beech forest is currently being
replaced by slow-growing small-leaved shrubs of much lower biomass. Carbon prices
are projected to exceed $20 tonne in the next decade. If regeneration of Kaweka and
Kaimanawa forests is not restored there is a risk that a carbon liability in excess
of $1,000 ha may be incurred (i.e. tens of millions of dollars of carbon value lost).
Although deer culling is expensive (ą$10 ha year), it is less than the current value
of stored carbon. Managers should focus efforts on managing deer and their effects
on forest regeneration in the period that follows major canopy disturbance such as is
currently occurring in Kaweka F.P. (Bellingham et al., 2016).
If Kaweka F.P. forests continue to decline there are likely to be implications for erosion
and hydrological processes. Global warming is forecast to result in more severe
storms. In conjunction with reduction in tall forest cover, gully and channel erosion
on moderate slopes and landslides on unstable slopes will become more common
(Glade, 2003). Deforestation may lead to increased flood flows and sedimentation in
the Ngaruroro, Mohaka and Tutaekuri catchments (Ellison et al., 2017; Zhang et al.,
2017).
Unpublished data from paired exclosure plots shows that the presence of deer and
goats compacts soils by«10% (Tanentzap and Coomes, 2012). Soil compaction reduces
the air content of soils affecting root growth and nutrient availability, reduces plant
cover and water storage, and can increase the potential for erosion and high flood
flows (Nguyen et al., 1998; Russell et al., 2001; Drewry, 2006). As litter input into
soils reduces in quality with high deer densities, nutrient input may also be affected.
Unpublished data suggests that deer browsing can reduce phosphorus input into soils
at some sites (Figure 18). As deer browsing converts tall forest into shorter stature
forest and shrub-lands in Kaweka F.P., affects on flood-flows and soil nutrient loss
become more likely
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4.5 Management of deer in Kaweka F.P.

Because the KMB project does not appear to have reduced deer densities and restored
mountain beech canopy regeneration in the past decade, current decision makers
have a wide range of options available without being encumbered by previous
decision making. Table 4 summarises options. The optimal choice for managers
will be a compromise between availability of funding, public acceptability and op-
erational risk. Recreational hunting is important in Kaweka F.P. and so maintaining
sika deer at high density is important to a large number of park users (Nugent
and Fraser, 1993). Recreational hunters can oppose conservation management if
it is likely to result in less successful hunting (Fraser, 1989). The majority of deer
(over three-quarters) are shot by a minority of hunters (under one-quarter) who
have success rates of approximately one deer per hunter day (Nugent, 1992). The
typical kill rate of sika deer by hunters on conservation land is one deer per five
to ten hunter days, so most hunters (possibly ą80%) have very low success rate
(harvest ă20% of deer). This is similar to the success of hunters in the 1980s in
Blue Mountains (15 hunter days deer´1; Nugent et al., 1988), Oxford (9 hunter days
deer´1; Nugent and Henderson, 1990), Kaimanawa (6 hunter days deer´1; Fraser and
Sweetapple, 1992) and Pureora Recreational Hunting Areas (5 hunter days deer´1;
Fraser, 1996) . Most deer in Kaweka and Kaimanawa F.P.s are likely to be shot by a
small group of highly successful hunters (perhaps only a few hundred hunters). If
deer numbers are lowered to levels satisfactory for forest regeneration the average
hunter will experience poor hunting. These less succesful hunters would then require
several weeks of hunting to shoot a deer, and likely to loose interest in hunting in
Kaweka F.P. It is unlikely that reasonable average hunter satisfaction can be achieved
when intensive culling is undertaken (i.e. enough to assure mountain beech forest
regeneration).

The most cost-effective control options for culling are likely to be politically
and operationally risky. Targeting deer with poison or even removal of deer repellent
from baits may pose an unacceptable public relations risk to DOC. Aggregated
application of 1080 pellets can increase possum kill rates, and reduce costs and native
bird deaths (Nugent et al., 2012; Nugent and Morriss, 2013; Morriss et al., 2016),
and if high concentrations of 1080 are used in large baits, rates of deer kills could
be high. A combination of long-term ground and aerial culling may prove to be an
acceptable option. That option would likely cost in the region of $200,000–$300,000
per annumn including auditing and monitoring. If cullers are responsible for nearly
all deer kills, a minimum population can be calculated, which is an additional benefit
(Section 5.1). Culling intensity sufficient to lower deer densities enough to assure
forest conservation is likely to cost in the region of ten dollars a hectare a year. Past
aerial culling has used DOC staff and expensive gas turbine powered helicopters
(costing «$1000 an hour to run), so there is potential for efficiency gains without
compromising safely. A Robinson R22 costs as little as $500 an hour to run on
hunting and a more stable Hughes 300 $600 (Hire Rates). There is a significant jump
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in cost with the fast and productive turbine powered helicopters where running costs
can exceed $1,000 an hour. If contracts for aerial and ground culling are tendered,
auditing of work would need to be taken seriously. Ground observers checking
flight paths and verifying kills would be a consideration as part of key performance
indicators of a culling contract.
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5 Monitoring requirements

5.1 Deer impact monitoring

The objectives of the KMB project “to provide a monitoring programme to assess
mountain beech regeneration, vegetation composition and structural change includ-
ing palatable and unpalatable shrub species” have not been met. Because vegetation
monitoring has been neglected in the past decade, it has become necessary to
re-measure existing plots to provide contemporary data to justify the restoration of
deer culling in Kaweka F.P. Seedling count monitoring in 2005-6 was undertaken to
allow development of a predictive model on mountain beech regeneration, and is not
a reliable long-term technique for monitoring changes in mountain beech canopies or
seedling regeneration.

Mountain beech 10 m ˆ 10 m seedling plots In Kaweka F.P., there are thirty-three
pairs of 10 m ˆ 10 m seedling exclosure plots (n=66 plots) established between 1998
and 2000 at eighteen sites. At some of these sites fenced plots are far enough apart
that they might be considered independent replicates, and so it might be possible to
reliably measure over twenty pairs. To provide useful data on small-tree recruitment
within fenced plots a minimum of fifteen paired plots should be re-measured. Data
is available for all plots up until 2001, but measurements from following seasons (up
until 2004) appears to be lost. Another fifty-six 10 m ˆ 10 m tagged seedling plots
without fenced pairs were established between 1998 and 2004, with most of the data
from those measures having also been lost. In each 10 mˆ 10 m plot an assortment of
mountain beech seedlings were tagged and measured. Seedling and sapling sub-plots
were measured upon plot establishment following the methods of Hurst and Allen
(2007). All seedling plots had 20 m ˆ 20 m overstorey plots measured at the time
of establishment following Hurst and Allen (2007). This means that 10 m ˆ 10 m
plot measurement would fulfill the KMB project objective of monitoring mountain
beech canopy replacement and the state of palatable and unpalatable species. Plots
should be re-measured following the recommendations of McNutt (2017) and Allan
(2008). Thereafter a decision should be made on abandonment and fence removal. If
deer culling is implemented again, the information from these paired plots will not
be relevant due to the two decade lag from their establishment.
To provide a representative comparison, a selection of at least twenty of the 10 m ˆ

10 m seedling count plots measured in 2012-13 at low basal areas sites should also be
re-measured. Palatable seedlings and saplings should be measured also. While on
site, FPI lines could cost-effectively be re-measured, although given past results that
data are unlikely to be useful.

Alpine grassland plots Deer have an impact on alpine grassland vegetation, as well
as grass and scrub-lands where forest is currently establishing. Vegetation above
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the natural tree-line is very slow growing and appears vulnerable to deer browsing.
A selection of the alpine grassland plots established in 1960 in Kaweka F.P. have
been recently visited and show decline or little change above the treeline (Figure
15). Below the treeline there has been rapid scrub growth since last measurement
in 1980 (mānuka, neinei, toatoa). There are 28 grassland plots located above the
natural treeline (ď6 degrees mean annual temp), and these should be a priority for
measurement.

Deer abundance monitoring Cost-effective methods for estimating the deer popu-
lation in Kaweka F.P. might be considered by those designing a long-term monitoring
system:

1. FPI has been an uninformative method for estimation of deer densities, and has
cost hundreds of thousands of dollars to implement in Kaweka F.P. in the past
decade. Results are difficult to interpret and appear unreliable. Power analysis
showed that only 10–20 lines are required for FPI to detect a deer population
doubling. This is a level where statistical imprecision is less than the likely
inherent error in estimation of deer abundance from faecal pellet counting (at
least two fold). Therefore FPI should only be undertaken when a vegetation
plot is measured, as the incidental cost of measurement while on site is low.

2. Camera trapping has been used as a monitoring tool, but its potential is unclear
for estimating deer densities (Foster and Harmsen, 2012).

3. (Tanentzap et al., 2009) used the method of McCullough et al. (1990) to estimate
deer density. The method requires an accurate estimate of population harvest
and a representative sample of aged jaw bones (counting dental cementum
layers) (Fraser and Sweetapple, 1993). It assumes low rates of immigration or
emigration, age structure stability and no change in the age specific vulnerability
of deer to hunting (Gove et al., 2002). Age-specific fecundity data would also
provide the ability to calculate the potential for population increase, and to
confirm that the population is demographically stable. A representative sample
of jawbones and data on fecundity should be collected during culling operations.
Recreational hunters may also be interested in deer weights and indices of
condition.

4. Catch per unit effort (CPUE) is routinely used in the United States (Roseberry
and Woolf, 1991) and Japan to monitor deer abundance (Matsuda et al., 2002;
Uno et al., 2006, 2009; Kaji et al., 2010), and may be a more accurate index of
deer abundance than FPI. Because recreational hunter success is highly variable
(one deer shot each 1–20 hunter days depending on hunter quality) and permit
return rates low and probably biased (Fraser and Sweetapple, 1992), recreational
hunter kill return data should not be relied upon for CPUE. Instead, ground
and aerial deer culling data could be compiled and used as an index of deer
abundance. Ground deer culler data is available from 1958. Hughes 300 aircraft
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have been used since 1965 and operator interviews have revealed a consistent
5–10 deer recovered per hour up until 2001. Managers could set arbitrary
objective thresholds (e.gă1 deer helicopter hour andă one deer per professional
deer culler day), and monitor the response of tagged seedlings to that index of
deer density. CPUE indicies could then be compared to McCullough et al.’s
1990 method to gauge the historical usefulness of aerial and ground deer culler
success data. Other techniques such as aerial surveys (Linchant et al., 2015;
Haroldson et al., 2003), DNA analysis of pellets (Goode et al., 2014; Ramón-Laca
et al., 2014; Yamashiro et al., 2017), trail-cameras (Foster and Harmsen, 2012;
Jacobson et al., 1997; Dougherty and Bowman, 2012) and FPI might also be
compared.
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5.2 KMB data management and reporting

Data collection, auditing, entry, storage and management Several million dollars
have been spent on vegetation and deer faecal pellet monitoring in the KMB project
since 1998, with a surprisingly low proportion of that data currently ready for
statistical analysis. Considerable amounts of data collected from 1998 to 2006
can not be found. With the exception of permanent 20 m ˆ 20 m forest plots
measured on random lines from 1980 until 2000 and seedling count survey data
from 2005-06, a search of the NVS data bank and DOC repositories in 2017 found
no vegetation plot data in digital form. During the course of producing this review
much lost data has been re-found. There were no records on NVS (DOCs long-term
vegetation plot data repository) of the 120 10 m ˆ 10 m seedling and understorey
(and associated 20 m ˆ 20 m overstorey) plots measured between 1998 and 2004.
There were no records of the 2012-13 seedling count survey on NVS. The 2012-13
seedling count survey data held by local DOC offices had conspicuous errors which
have been addressed. Error rates would need to be massive to affect interpretation
of results, given the large reduction in seedling counts from 2005-06 to 2012-13
and 2018. Likewise raw data from faecal pellet surveys prior to 2005 appears
to be lost, along with some of the associated pellet decay rate data. Most of the
raw data from faecal pellet surveys by NZ Forest Service appears to have been
lost during the 1987 transition to DOC. Faecal pellet data collected since 2006 is
available in raw data. This is in a series of error-prone xcel worksheets. Dozens of
additional hours were required during the preparation of this report in error checking.

Despite Excel being the most widely used software for storing data in DOC, it
is usually a terrible choice for data base management and analysis. It is typically
used because it is familiar and easy to use. Unfortunately, short-term ease of use
is offset by long-term problems. The inability to directly see entered data (e.g cell
references, formulae and text appearing as numeric) induces errors. Poor version
control, poor file sharing (e.g R will not read some entries into Excel workbooks),
inability to act relationally, and the ability to format data for analysis, appearance
and printing make excel spreadsheets a terrible choice for data storage. All modern
database and statistical analysis packages can easily read data stored in comma
delimited format (.csv). In this format, columns of data are simply separated by
commas. For the KMB a dedicated database should be used to store meta data, and
raw data in separate comma delimited format, which can be read by databases (e.g.
Access, MySQL, sqlite), statistical analysis packages (e.g R, SYSTAT and SPSS) and
spreadsheets. Normalised databases eliminate redundant data (for example, storing
the same data in more than one table or comma delimited file) and data dependencies
are simple (only related data in a table). This reduces the amount of space required
and most importantly ensures that data is logically stored.

Data should not have to be edited during analysis. When errors are found the
authoritative data set should be edited by the person responsible for managing that
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data. To ensure compatibility of data all FPI data should use the same data storage
template. Microsoft products should never be used for data analysis (McCullough
and Heiser, 2008; Yalta, 2008). Future data collected should be promptly entered into
digital databases suitable for purpose. A suitable database, would be normalised,
relational, have national consistency and have integrated error checking. Data
should be readily available for statistical analysis, and publicly available. Part of the
development of a long-term monitoring plan for Kaweka F.P. should include a data
management and quality assurance plan.
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Map 2: Range of sika deer from 1930–1970 (Davidson, 1973), 1998 (Banwell, 1999) and 2008 (DOC staff estimates). Kaweka
Forest Park and aerial deer culling areas are also shown. Sika deer have also been liberated in the South Island.
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Map 3: Kaweka Forest Park permanently marked lines and permanent plots (print A3). NZ Forest Service 20 ˆ 20 m
permanent plots (•). NZ Forest Service permanent lines with ( ) and without ( ) existing permanent plots. Exclosure
plots (�) include 20 ˆ 20 m and 10 ˆ 10 m plots. Alpine grassland plots (•) were established above the natural tree line.
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Map 4: Kaweka Forest Park mountain beech forest with forest stands assessed in 2005 (•) and 2012 (˝) for low basal area.
Mountain beech seedling heights were measured in 10 ˆ 10 m plots at low basal area stands (ă44 m2 ha´1). Results
displayed in Section 3.4 and Figure 10.
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Map 5: FPI lines in areas without culling (some lines were culled in some years and not others). Lines with culling are in
Map 6. Results displayed in Section 3.2 and Figure 5.
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Map 6: FPI lines in areas with culling
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